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(^Ro°T!irilTM J!^^ ^^'^'-YSIS OF PROTEINS 
OR PROTEIN FUNCTION IN COMPLEX MIXTURES 

Thfe invention was made through funding from the National Science 

5T32HG and BIR9214821) and the Nattonal Institutes of Health (NIH g^ts 

RR1 1823, T32HG00035, HD^2274 and GM60,84,. The United States government 

has certain rights in this invention. 

CROSS-REFERENCE TO REUTED APPLICATIONS 

■^i^^PP'i^-*" takes priority under 35 U.S.C.§1 19(e) from U.S. provisional 
appl,ca,«>ns serial no. 60/097,788, filed August 25, 1998 and serial no.60/099 113 

fl^d September ^ 1998. both of «*fch are incorpo^ed : their entiroty by rofe^n,. 

BACKGROUND OF THE INVENTION 
Genomic technology has advanced to a point at which, in principle, it has 
become possible to detem,ine com,.ete genomic sequences and to quanBtatVely 
measure the mRNA levels for each gene expressed in a cell. Fo, some species tie 
complete genomic sequence has now been detem,ined, and for one sbain of the 
yeast Saocfta«,m,^s cerWsae, the mRNA levels for each expressed gene have 

been precisely quantified under different grow.h.condi«ons(Velculescuetal 1997) 
Comparative cDNA array analysis and rolated technologies have been used to 
de,e™ne induced changes in gene expression at the mRNA level by concurrently 
n^nrtonng a,e expression level of a large number of genes On some cases all the 
genes) expressed by the investigated cell or tissue (Shalon et al., 1996) 

sp^rr; '^'^^^^ '^^^ ^" '° "-'a,^ 
sp^c funcon w«h gene sequences. T.e interpretation of the data obtained by 

sv^n^T ""''^ ^"^ 'X 

2rr,v d^^r ^ ' '""^^'^ P^^^'-. « •'as been 

a:;t 1 re"'" ' ~ ^ ~ 
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Proteins are essential for the control and execution of virtually every biological 
process. The rate of synthesis and the half-life of proteins and thus their expression level 
are also controlled post-transcriptionally. Furthermore, the activity of proteins is frequently 
modulated by post-translational modifications, in particular protein phosphorylation, and 
dependent on the association of the protein with other molecules Including DNA and 
proteins. Neither the level of expression nor the state of activity of proteins is therefore 
directly apparent from the gene sequence or even the expression level of the 
con-esponding mRNA transcript. It is therefore essential that a complete description of a 
biological system include measurements that indicate the identity, quantity and the state of 
activity of the proteins which constitute the system. The large-scale (ultimately global) 
analysis of proteins expressed in a cell or tissue has been termed proteome analysis 
(Pennington et al.. 1997). 

At present no protein analytical technology approaches the throughput and level of 
automation of genomic technology. The most common implementation of proteome 
analysis is based on the separation of complex protein samples most commonly by two- 
dimensional gel electrophoresis (2DE) and the subsequent sequential identification of the 
separated protein species (Ducret et al.. 1998; Garrels et al.. 1997; Link et al.. 1997; 
Shevchenko et al.. 1996; Gygi et al. 1999; Boucherie et al.. 1996). This approach has 
been revolutionized by the development of powerful mass spectrometric techniques and 
the development of computer algorithms which con-elate protein and peptide mass spectral 
data with sequence databases and thus rapidly and conclusively identify proteins (Eng et 
al., 1994; Mann and Wilm. 1994; Yates et al., 1995). This technology has reached a level of 
sensitivity which now permits the identification of essentially any protein which is detectable 
by conventional protein staining methods including silver staining (Figeys and Aebersold, 
1 998; Figeys et al.. 1 996; Figeys et al.. 1997; Shevchenko et al.. 1 996). However, the 
sequential manner in which samples are processed limits the sample throughput, the most 
sensitive methods have been difficult to automate and low abundance proteins, such as 
regulatory proteins, escape detection without prior enrichment, thus effectively limiting the 
dynamic range of the technique. In the 2DE/(MS)N metiiod. proteins are quantified by 
densitometry of stained spots in the 2DE gels. 
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The development of methods and insta-menlation for automated, data-dependent 
^^.p.V ion^tton (ESO .ndem mass spect^metry (MS", in oonjunc«on 
-n.cnooap,„ary ,„uM ch,.ma,og.phy (pLC, and database sealing as slgnifln^v 
n^eased the sens^ty and speed of the ,den..ca,ion of ge,-sepaL.ed ^ 

alternate to «,e 2DEyMS" app^ach .0 profeome analysis, .he direct ana^X .al" 
. ™ss specrome.^ p, p^p.^, ^^^^ ^^^^ ^ « ^V^ndem 

™^res as .een proposed (Dong.e e, al., 1987,. pLC-Ms/MS has alsoUnH 
su^ssft^lly for the iarse-scale .der«i.ca,ion of individual p^tel. diredy from m^res 
w^ou. gel electrophore^c separation (Link e. a,., ,.gs; Op«e. e. a... ,907, Z tese 
P roaches dramatically accelerate protein «en«nca.ion. the ,uan.ties of L an^T 
pr=je,ns cannot be easily determined, and these me«,ods have not been shown to 

approach. Therefore, low abundance proteins in complex samples are also difiicul, to 
analyze by the uLC/MS/MS me«,od without their pHor enhchment. 

It is therefore apparent that current technologies, while suitable to identify the 

approacLs a^ :ry t: all: th T ~ "'^^ 
n. aovance therr performance sufficientiy to mal<e routine 

quantrtative and functional proteome analysis a reality. 

Ita h!! hT™ '~ -*«-3r.echni<,ues. T^e basic 

z^zzt:::z7'' ""^^ ~ ~ — — 

quantitation of s„ r ^"^ 

In this regard, a multitude of analvtirai fooh«- 
- — a^says Which detect the^ lltal: 
protein or protein function associablP with = „ . 

technioup. . ^ssoaable with a normal or disease state. While these 
techn^ues are ,u,te sensitive, they do not necessaniy provide chemical speciaUon of 
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products and may. as a result, be difficult to use for assaying several proteins or enzymes 
simultaneously in a single sample. Current methods may not distinguish. among aberrant 
expression of different enzymes or their malfunctions which lead to a common set of clinical 
symptoms. The methods and reagents herein can be employed in clinical and diagnostic 
assays for simultaneous (multiplex) monitoring of multiple proteins and protein reactions. 

SUMMARY OF THE INVENTION 
This invention provides analytical reagents and mass spectrometry-based methods 
using these reagents for the rapid, and quantitative analysis of proteins or protein function 
in mixtures of proteins. The analytical method can be used for qualitative and particularly 
for quantitative analysis of global protein expression profiles in cells and tissues, i.e. the 
quantitative analysis of proteomes. The method can also he employed to screen for and 
identify proteins whose expression level in cells, tissue or biological fluids is affected by a 
stimulus (e.g.. administration of a dnjg or contact with a potentially toxic material), by a 
change in environment (e.g.. nutrient level, temperature, passage of time) or by a change 
in condition or cell state (e.g., disease state, malignancy, site-directed mutation, gene 
knockouts) of the cell, tissue or organism from which the sample originated. The proteins 
identified in such a screen can function as markers for the changed state. For example, 
comparisons of protein expression profiles of normal and malignant cells can result in the 
identification of proteins whose presence or absence is characteristic and diagnostic of the 
malignancy. 

In an exemplary embodiment, the methods herein can be employed to screen for 
changes in the expression or state of enzymatic activity of specific proteins. These 
changes may be induced by a variety of chemicals, including pharmaceutical agonists or 
antagonists, or potentially hamiful or toxic materials. The knowledge of such changes may 
be useful for diagnosing enzyme-based diseases and for investigating complex regulatory 
networks in cells. 

The methods herein can also be used to implement a variety of clinical and 
diagnostic analyses to detect the presence, absence, deficiency or excess of a given 
protein or protein function in a biological fluid (e.g.. blood), or in cells or tissue. The 
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method ^ particulariy .seM in *e analysis of complex mixtures of proteins, i.e.. those 
containing 5 or more distinct proteins or protein functions. 

• ™«™^"«''-™«'o<' employs affinity-iabeled protein reactive reagents mat allow 

for the selective isolation of peptide fragments or the products of reaction with a given 
P«>tein (e.g., products of enzymatic reaction) from complex mixtures. The isolated peptide 
fragments or reaction products are chamctehstic of the presence of a protein or the 
Piesence of a protein function, e.g., an enzymatic activity, respectively, in those mixti^res 
so ated peptides or reaction products are characterized by mass spectiometnc (MS) 
technKiues. In particular, the sequence of isolated peptides can be detem,ined using 
Undem MS (MS") techniques, and by application of sequence database searching 
techniques, the protein from which the sequenced peptide originated can be identified 
The reagents also provide for differential isotopic labeling of the isolated peptides or ' 
reaction products which facOitates quantitative detennination by mass spectrometry ofthe 
re^ ve amounts of proteins in different samples. Also, ti,e use o, dWerentially isotopically. 
labeled reagents as internal standards facilitates quantitative determination of me absolute 
amounts of one or more proteins or reaction products present in the sample. 

in general, the affinity labeled protein reactive roagents of this invention have tt,ree 
portions: an affinity label (A) covalentiy linked to a protein roacUve group (PRG) through a 

linker group (L): r- v y y 1 1 a 

A-L-PRG 

^e linker may be d^erentially isotopically labeled, e.g.. by substitution of one or more 
atoms in the linkerwiti, a stable isotope «,ereof. Forexample, hydrogens can be 
substituted With deuteriums or With C". 

or non I^irr ^ ""^^ " ' ""'^'^ "'""^ ^'^-^-'^ "n"^ <=ovalentiy 
or non-covalentiy, to a capture reagent (CR). Binding to CR facilitates isolation of 

peptides, substrates or reaction products tegged or labeled wi«, K in specitic 
embodiments, A is a strepavidin or avidinn. After aftinity isolation of affinity tagged 
matenals, some of which may be «otopically labe^, the interaction be^veen A and «,e 
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capture reagent is disrupted or broken to allow MS analysis of the isolated materials. The 
affinity label may be displaced from the capture reagent by addition of displacing ligand, 
which may be free A or a derivative of A, or by changing solvent (e.g.. solvent type or pH) 
or temperature conditions or the linker may be cleaved chemically, enzymatically. thermally 
or photochemically to release the isolated materials for MS analysis. 

Two types of PRG groups are specifically provided herein: (a) those groups that 
selectively react with a protein ftjnctional group to form a covalent or non^jovalent bond 
tagging the protein at specific sites, and (b) those that are transformed by action of the 
protein, e.g.. that are substrates for an enzyme. In specific embodiments. PRG is a group 
having specific reactivity for certain protein groups, such as specificity for sulfhydryl groups, 
and is useful in general for selectively tagging proteins in complex mixtures. A sulfhydryl 
specific reagent tags proteins containing cysteine. In other specific embodiments. PRG is 
an enzyme substrate that is selectively cleaved (leaving A-L) or modified (giving A-L-PRG") 
by the action of an enzyme of interest 

Exemplary reagents have the general formula: 

A-B^X^(CH2)„-[XMCH2)„ ],-X^.(CH2)p -X^-B^-PRG 

where: 

A is the affinity label; 

PRG is the protein reactive group; 

X\ X^ X' and X*. independently of one another, and X^ independently of other X^ in 
the linker group, can be selected from O. S. NH. NR. NRR'*. CO. COO. COS. S-S. 
SO. SO2. CO-NR'. CS-NR'. Si-O. aryl or diaryl groups or X^-X'' may be absent, but 
preferably at least one of X^ -X" is present; 

and B^ independently of one another, are optional moieties that can faciliate 
bonding of the A or PRG group to the linker or prevent undesired cleavage of those 
groups from the linker and can be selected, for example, from COO. CO, CO-NR'. 
CS-NR' and may contain one or more CH^ groups alone or in combination with other 
groups, e.g.( CH^ ),-CONR', (CH2),-CS-NR', or (CH^) ; 
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n. m. p and q are whole numbers that can have values from 0 to al»ut 100 
prefe^bly one of n. m, p or q is not 0 and x is also a whole number tt,at can ^ange 
from o ,0 about 100 Where the sum of n.xm.p.<, is prefe^bly less than about 100 
and more preferably less than about 20: 

R is an alkyi, alkenyl, alkynyl, alkoxy or ao^l group; and 

R' is a hydrogen, an alkyi, alkenyl, alkynyl, alkoxy or aryl group. 

C1-C6 alkyl. alkenyl, or alkoxy groups, an a^ group or can be substituted with functional 
groups tha, promote ioni^a«on. such as addc or basic groups or groups canying 
permanent positive or negaflve charge. One or more single bonds connecting CH, groups 
. .he l,nker can be replaced with a double or a tnple bond. Preferrod R and R' alM 
alkenyl, alkynyl or alkoxy groups are small having 1 ,o about 6 ca*on atoms. ' 

oene„r' " '"'^""^ ^ stable isotope to 

reagents. For example, one or more hydrogens in «,e linker can be substituted with 
deutenum to generate isotopically heavy reagents. 

I 

removel" TT" '""""^ ^ ^ ~ to 

^1^2^' " : "'^'"^ ""^^ ^ ^-ed after 

affinity label together With the rp In th;o^-,„ ^ 

remains bound ,n * . ' """^ ''"''^^ P'^fe-^KIy 

remaps bound to the protein, peptide, substrate or reaction product. 

diamin.?r ""'"^ ^ POiyether 

l::^ ' """^ - - ''".roatoms ,Ig., N^o 
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In one aspect, the invention provides a mass spectrometric method for identification 
and quantitation of one or more proteins in a complex mixture which employs affinity 
labeled reagents in which the PRG is a group that selectively reacts with certain groups 
that are typically found in peptides (e.g..sulfhydryl, amino, carboxy. homoserine lactone 
groups). One or more affinity labeled reagents with different PRG groups are introduced 
into a mixture containing proteins and the reagents react with certain proteins to tag them 
with the affinity label. It may be necessary to pretreat the protein mixture to reduce 
disulfide bonds or otherwise facilitate affinity labeling. After reaction with the affinity labeled 
reagents, proteins in the complex mixture are cleaved, e.g.. enzymatically. into a number 
of peptides. This digestion step may not be necessary, if the proteins are relatively small. 
Peptides that remain tagged with the affinity label are isolated by an affinity isolation 
method, e.g.. affinity chromatography, via their selective binding to the CR. Isolated 
peptides are released from the CR by displacement of A or cleavage of the linker, and 
released materials are analyzed by liquid chromatography/mass spectrometry (LC/MS). 
The sequence of one or more tagged peptides is then determined by MS" techniques. At 
least one peptide sequence derived from a protein will be characteristic of that protein and 
be indicative of its presence in the mixture. Thus, the sequences of the peptides typically 
provide sufficient information to identify one or more proteins present in a mixture. 

Quantitative relative amounts of proteins in one or more different samples containing 
protein mixtures (e.g.. biological fluids, cell or tissue lysates. etc.) can be determined using 
chemically identical, affinity tagged and differentially isotopically labeled reagents to affinity 
tag and differentially isotopically label proteins in the different samples. In this method, each 
sample to be compared is treated with a different isotopically labeled reagent to tag certain 
proteins therein with the affinity label. The treated samples are then combined, preferably in 
equal amounts, and the proteins in the combined sample are enzymatically digested, if 
necessary, to generate peptides. Some of the peptides are affinity tagged and in addition 
tagged peptides originating from different samples are differentially isotopically labeled. As 
described above, affinity labeled peptides are isolated, released from the capture reagent 
and analyzed by (LC/MS). Peptides characteristic of their protein origin are sequenced using 
MS" techniques allowing identification of proteins in the samples. The relative amounts of a 
given protein in each sample is determined by comparing relative abundance of the ions 

8 
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assess relative amounts of known proteins in different samoles P. .rth 

present ,„ me samples. ,t can be used to identify proteins which are present at diffl ^ 

leveis in*e samples examined. More speciflcallv ,h= ^ / 

and .enti^ proteins wHIcH ext,ib« di Jn^e^n cetl " ^'"^ '° 

a.» Possi. to deten^lne .e absolute a^ZC^::::::;-'' ^ 

rd:xrd:z:::~r.;:r^^^^^^^ 

^'y^®^- ^® '"tema standard is ah affiniK, 
tagged pep«de that is idenOca, in chem^i stn^Cure to the affln^ tagged pe tide tot 
quant^ed except mat the interna, standee is diffe.n«a«y isotopLllyLZ Ler^ th 

t:: 't:t, t r ^^-^ - C"e :r 

Ty For el "e ? . " ''^ ^'^'^ '° ^ ^^'^zed in «her 

.«:r aL;^* - an 

labeled w,tH heavy atom isotopes and then deHva«.ed with an a«n«y tagging rZ^ 

proteins present in Z / J ^ ^^^'"^ '^^^ent s used to derivatize 

Zrer "^""^ — e. .mpies can be se,ec«yely 

protein e„n p in d^lT^rrt ^ ^ 

broadened to achieve th. nr . ^^""^ 9®"®^' ^^^^^^V can be 

rnodincation o^t^ns ~ ""—^ '^'^'^ °' °' 

a J.ance pro^ns in col altrr 7" " """^ ^ 

groups or Classes of proteins sucht memh "'^^^^ 

~w„hino.aneiies.su.:::rz.:^^^^^ 
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immunoprecipitates. Further, these methods can be applied to analyze differences In 
expressed proteins in different cell states. For example, the methods and reagents herein 
can be employed in diagnostic assays for the detection of the presence or the absence of 
one or more proteins indicative of a disease state, such as cancer. 

In a second aspect, the invention provides a' MS method for detection of the presence 
or absence of a protein function, e.g.. an enzyme activity, in a sample. The method can also 
be employed to detect a deficiency or excess (over normal levels) of protein function In a 
sample. Samples that can be analyzed include various biological fluids and materials, 
including tissue and cells. . In this case, the PRG of the affinity labeled reagent is a substrate 
for the enzyme of interest. Affinity labeled substrates are provided for each enzyme of 
interest and are introduced into a sample where they react to generate affinity labeled 
products, if the enzyme of interest is present in the sample. Products or unreacted substrate 
that are tagged with the affinity label are isolated by an affinity isolation method, e.g.. affinity 
chromatography, via their selective binding to the CR. The isolated tagged substrates and 
products are analyzed by mass spectrometry. Affinity labeled products include those in 
which the substrate is entirely cleaved from the linker or in which the substrate is modified by 
reaction with a protein of interest. Detection of the affinity-labeled product indicates the 
protein function is present in the sample. Detection of little or no affinity labeled product 
indicates deficiency or absence, respectively, of the protein function in the sample. 

The amount of selected protein, e.g., measured in terms of enzyme activity, present in 
a sample can be measured by introducing a known amount of an internal standard which is 
an isotopically labeled analog of the expected product of the enzymaUc reaction of the 
reagent substrate. The internal standard is substantially chemically identical to the expected 
enzymatic reaction product, but is isotopically distinguishable therefrom. The level of protein 
function (e.g.. enzymatic activity) in a given sample can be compared with activity levels in 
other samples or controls (either negative or positive controls). The procedure therefore can 
detect the presence, absence, deficiency or excess of a protein function in a sample. The 
method is capable of quantifying the velocity of an enzymatic reaction since it enables the 
amount of product formed over a known time period to be measured. This metinod can be 
multiplexed, by simultaneous use of a plurality of affinity labeled substrates selective for 
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different protein ft^nctions and if quanfltation is desired by indusion of the correspor^inn 

DETAIl^D DESCRIPTION OF THE INVENTION 

which °' ^"""^ ''^^ -active .agents in 

wh,ch the affln^ tag is covale,,«y attached U= a p™tein reac^e group by a n„ Jr t 

can be ,sotopica„y labeted to generate pairs or sets of reagents L are s^n 
x^.,ca„y ,.en«ca,. but which are dis.ngu.hab,e by n,ass. Por e.n,p ~Ln.s 
one Of whrch ,s .sotopically heavy and the other of which is isotopically igh. L be ~ 
for the con,panson of *„o samples one of which ™y be a reference sar^ple conta Ig one 
or more known proteins in known amounts Fore„»mni= nipie contaimng one 

n^^gen, oxygen or sulfur atoms in the I nt r^ L T !' I " 
isotopes: 'H, "C, "N, "o, "O or "s '^'"''^"^ ^'^"'^ 

afBnitv?'''" "-'-"^ - non-covalen«y and with high 

affinity to a capture reagent (CR) The PR a ir,f« ^ 
extensive .oh . '"teracfon or bond should remain intact after 

extensive and multiple washings with a variety of solution., ™ 

components Th. . u solutions to remove non-specifically bound 

components. The affinity tag binds minimally or oreferablv nnt =,f =ii f« 
assay system exnpnt rp ^ . Preterably not at all to components in the 

Anv ' f ''"'•''^''P* siginficantly bind to surfaces of reaction vessels 

Ip^d bTm ^^^^^^^^^^ ^^"^^ - — shou^e 

TZl^^^^^^ it must be possible to disrupt 

a.dition .of a ^M^g i^^^^^^^^^^^^^ ^ ~ P...cts.or example. 

Preferablv n.it h r^o ^ ^ ^ temperature or solvent conditions. 

The affinity tao nrefemhh w ^ °^ ^" ^^^^^ °' experiment. 

The affin. I^e^ ^— " ^-g (MS)" analysis, 

remain soluble h^-^^ ^^"^^'^ "^"^^ ^'^zed and the CR should 

Agarose In thT. T ' ^" '"-'"'^'^ such as 

Agarose. In the case of CR term soluble means that CR k o, .fr • u . 
solvated such thaf if f. sufficiently hydrated or othenvise 

oivaiea such that it functions property for bindinq to A CR or rp . - ■ 
should not be oresent in th . CR-containing con ugates 

present ,n the sample to be analyzed, except when added to capture A. 
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Examples of A and CR paire include: 

d-blotin or structurally modified biotin-based reagents, including d-iminobiotin. which 

bind to proteins of the avidin/streptavidin, which may. for example, be used in the 

fonms of strepavidin-Agarose. oligomeric-avidin-Agarose. or monomeric-avidin- 
Agarose; 

any 1 ,2-diol, such as 1 .2-dihydroxyethane (HO-CHj^CHj-OH). and other 1 ,2- 
dlhyroxyalkanes including those of cyclic alkanes. e.g.. 1 .2-dihydroxycyclohexane 
which bind to an alkyi or aryl boronic acid or boronic acid esters , such as phenyl- 
B(0H)2 or hexyl-B(0Ethyl)2 which may be attached via the alkyI or aryl group to a solid 
support material, such as Agarose; 

•maltose which binds to maltose binding protein (as well as any other sugar/sugar 
binding protein pair or more generally to any ligand/ligand binding protein pairs that 
has properties discussed above); 

a hapten, such as dinitrophenyl group, for any antibody where the hapten binds to an 
anti-hapten antibody that recognizes the hapten, for example the dinitrophenyl group 
will bind to an antl-dinitrophenyl-IgG; 

a ligand which binds to a transition metal, for example, an oligomeric histidine will bind, 
to Nl(ll). the transition metal CR may be used in the fonn of a resin bound chelated 
transition metal, such as nitrilotriacetic acid-chelated Ni(ll) or iminodiacetic acid- 
chelated Ni(ll); 

glutathione which binds to glutathione-S-transferase. 

In general, any A-CR pair commonly used for affinity enrichment which meets the 
suitability criteria discussed above. Biotin and biotin-based affinity tags are preferred. Of 
particular interest are structurally modified biotins, such as d-iminobiotin. which will elute from 
avidin or strepavidin columns under solvent conditions compatible with ESI-MS analysis. 
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such as d„me acids containing lO-ZO-/. organic solvent. „ is expected that d-in,inobio«n 
.agged.o.pounds wil, eiute in solvents below pH 4. d.,n,inobto.in tagged p^tein reac«ve 
reagents can be syntHes^ed by me^ods desCbed herein for the corresponding blofln 
tagged reagents. ^' a umi 

A displacement ligand, DL. is optionally used to displace A fn,m CR. Suitable DLs are 
not » present in samples unless added. DL should be chemically and enzyma«ca.y 
stable ,n the sample to be analyzed and shouW not react ™.h or bind to components (o Jr 
Oian CR) .n samples or bind non-specifically to reaction vessel v,alls. DL p.fe.b,y does 
not unde^o peptide^ike fragmentation during MS ana^sis. and its ptBsence in sample 
Should no. significanay suppress the ionization of tagged peptide, substrate or reactton 
product conjugates. 

fonn., T " """^ "^^^ specm^metric analysis and the 

fonnaton ot ions composed of DL dusters is preferably minimal. The selection of DL 
depends upon the A and CR groups that are employed. In general, DL is selected to' 
displace A from CR in a reasonable Ume scale, a, most within a week of its addition but 
more preferably witi,in.a few minutes or up to an hour. The affinity of DL for CR shou« be 
»mpamble or stronger than the affinity of the tagged compounds containing A for CR 
Furthemiore. DL should be soluble in the solvent used during the elu«on of tagged 
cornpounds containing A from CR. DL preferably Is free A or a de,iva«ve or structural 
™d^cat„,n Of A. Examples of DL include, d-biotin or d-btotin derivatives. pa,«culady those 
conta,n,ng groups that suppress cluster for,r.«on or suppress ionization in MS. 

sh„„Mr '.T ^^"'^ -"^y^ and it 

Should be stable w«h resp^ to chemical reacdon, e.g., substant^lly chemically inert w«h 

components Of the sample as well as A and CRg.ups. The linker when bound to A shol 
«re ^h the specific interaction of A w„h CR or interfere v.th the displacement o, A 

Z m^ ' I ' " ' '''"^ '^'"^ - linker should 

^' --^^"^ ^VStem, to reacuon vessel 

washes wh,ch leave the A-CR complex intact. Linkers preferably do not undergo peptide-like 
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fragmentation during (MS)" analysis. At least some of the atoms in the linker groups should 
be readily replaceable with stable heavy-atom isotopes. The linker preferably contains 
groups or moieties that facilitate ionization of the affinity tagged reagents, peptides, 
substrates or reaction products. 

To promote ionization, the linker may pontain acidic or basic groups, e.g., COOH, 
SO3H, primary, secondary or tertiary amino groups, nitrogen-heterocydes. ethers; or 
combinations of these groups. The linker may also contain groups having a permanent 
charge, e.g., phosphonium groups, quaternary ammonium groups, sulfonlum groups, 
chelated metal ions, tetralky or tetraryl borate or stable carbanions. 

The covalent bond of the linker to A or PRG should typically not be unintentionally 
cleaved by chemical or enzymatic reactions during the assay. In some cases it may be 
desirable to cleave the linker from the affinity tag A or from the PRG, for example to facilitate 
release from an affinity column. Thus, the linker can be cleavable, for example, by chemical, 
thermal or photochemical reaction. Photocleavable groups in the linker may include the 1-(2- 
nitrophenyl)-ethyl group. Thermally labile linkers may. for example, be a double-stranded 
duplex fonmed from two complementary strands of nucleic acid, a strand of a nucleic add 
with a complementary strand of a peptide nucelic acid, or two complementary peptide 
nucelic add strands which will dissodate upon heating. Gleavable linkers also indude those 
having disulfide bonds, acid or base labile groups, induding among others, diarylmethyl.or 
trimethylarylmethyl groups, silyl ethers, carbamates, oxyesters. thiesters. thionoesters. and 
a-fluorinated amides and esters. Enzymatically deavable linkers can contain, for example, 
protease-sensiUve amides or esters, p-lactamase-sensitive P-iactam analogs and linkers that 
are nuclease-deavable, or glycosidase-deavable. 

The protein reactive group (PRG) can be a group that seledively reacts with certain 
protein functional groups or is a substrate of an enzyme of interest. Any selectively reactive 
protein reactive group should react with a functional group of interest that is present in at 
least a portion of the proteins in a sample. Reaction of PRG with functional groups on the 
protein should occur under conditions that do not lead to substantial degradation of the 
compounds in the sample to be analyzed. Examples of selectivdy reactive PRCs suitable 
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or use ,n the affinity tagged reagents of this invention, include those which react with 
.su,%d^ groups ,0 tag p^teins containing cysteine, those that react with an,ino gtups 
-r^xvtate g^ups, ester groups, phosphate reactive g.ups. and aldehyde and^orTe Jne 
reactive groups or. a«er frag^ntaUon with CNBr, with ho^sehne lactone. 

a,^ thils! TT- ''^""' ^"-^-^ -"aloacyl group, nitrites, sulfonated alM or 

utrh d ^"""^ ~ <" P-«- and inl* 

-e.. including tetrafluorophen, 
es^e., and N-hydroxysuccinin,^^ esters, acid halves, and acid anyhydhdes. ,n addition 
ammo reactive groups Include aldehydes or keton^c in th. 

NaCNBH . ^'^^^"^^ °' ^^^^"^^ °^ NaBH, or 

Carboxylic add reactive g^ups include amines or alcohols in the presence of a 
aT^tr ~ «~dil.ide, or ...a-teU^^uorophLyl tri«uo J^etate 

«n ~ °' ' ^= ^'^"•yan.inopyridine: and 

transton metaM,am,ne complexes including Cu(ll)phenanth,^,ne 



lactone 



Ester reactive groups indude amines which, for example, react with homoserine 



Feritl, oTZrn'"™ ^'^'^'^^ example 

Fe(lll) or Gadll). chelated to, for example, nitr»otriacetiac add or iminodiace«c add. 

eagents after first trea.,ng a carbohydrate with periodate to generate an aldehyde or ketone. 
InterestTv?"'' ' '"^^ ™ °' ~ The enzyme of 

rr^n" "^'r' ^"""^"'"^ ™' -Pa^='« aminotransferase, 

crea^ne k,nase, gamma-glutamyltransferase, lipase, ladate dehydrogenase, and 
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glucose-6-phosphate dehydrogenase which are currently routinely assayed by other 
methods. 

The requirements discussed above for A. L. PRG. extend to the con-esponding to the 
segments of A-L-PRG and the reaction products generated with this reagent. 

Intemal standards, which are appropriately isotopically labelled, may be employed in 
the methods of this invention to measure absolute quantitative amounts of proteins in 
samples. Intemal standards are of particular use in assays intended to quantitate affinity 
tagged products of enzymatic reactions. In this application, the intemal standard is 
chemically identical to the tagged enzymatic product generated by the action of the enzyme 
on the affinity tagged enzyme substrate, but carries isotope labels which may include ^H. '^C. 
'"N. "O. '«0. or ^S. that allow it to be independently detected by MS techniques. Intemal 
standards for use in method herein to quantitative one or several proteins in a sample are 
prepared by reaction of affinity labeled protein reactive reagents with a known protein to 
generate the affinity tagged peptides generated from digestion of the tagged protein. Affinity 
tagged peptides intemal standards are substantially chemically identical to the con-esponding 
affinity tagged peptides generated from digestion of affinity tagged protein, except that they 
are differentially isotopically labeled to allow their independent detection by MS techniques. 

The method of this invention can also be applied to determine the relative quantities of 
one or more proteins in two or more protein samples, the proteins in each sample are 
reacted with affinity tagging reagents which are substantially chemically identical but 
differentially isotopically labeled. The samples are combined and processed as one. The 
relative quantity of each taggged peptide which reflects the relative quantity of the protein 
from which the peptide originates is determined by the measurement of the respective 
isotope peaks by mass spectirometry. 

The methods of this invention can be applied to the analysis or comparison of multiple 
different samples. Samples ttnat can be analyzed by methods of this invention include cell 
homogenates; cell fractions; biological fluids including urine, blood, and cerebrospinal fluid; 
tissue homogenates; tears; feces; saliva; lavage fluids such as lung or peritoneal lavages; 
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mixtures of biological ™(ecules including p^teins, lipids, cart>ohyd,a.es and nudeic 
acds generated by partial or complete f^ctionation of ce« or tissue hon^enates. 

and J7arri' ^"^"'"^ ^ '^^r methods. WhHe a vaHety of MS 

and (MS) are availabel and may be used in tt,ese methods. Mathx Assisted User 

Quantitative proteome analysis 

This ™,hod is schematically illustrated in Scheme 1 using a bioUn labeled sulfl,yd,yl-,eacdve 

fZ protein pro«e measu„ in a sample protein mixtur l7 

reference prote,n m,xture. The method comprises the following steps: 

Reduction. Disulfide bonds of proteins in the sample and reference mixtures are 

rr" ~ ^"-■^-^ --butyiphosphine zz. 

Z ■'^"^ me,captoeU,^am^e 

and ^h™. If required, this reaction can be perfon^ed in the presence of so ub„Jng 

T^e refe ence and sample protein mixtu^s to be compared are p^cessed separately 
applying Identical reaction conditions: ^Parateiy, 

the hiot^T.'"^"" "'^"^ ^" 9-P= - "envatfeed w,m 

strZ: h- "^^^'-^--^-^'-^-.A iO «oxa.,fdecanediami„e the 

" ' ™ "-P-^ -topically 

labeled f.™s by substitu^on of linRer atoms ^.h stable isotopes and each sampL is 

Zt rf T'^' °' '^^ — o SH 

la ' "'^'"^ S.5) for 90 min at RT For 

.elated to. Typ,ca», the reference sample is labeled with the .otopically heavy reagent and 
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the experimental samples are labeled with the isotoplcally light form of the reagent, although 
this choice of reagents is arbitrary. These reactions are also compatible with the presence of 
high concentrations of solubilizing agents; 

Combination of labeled samples. After completion of the affinity tagging reaction 
defined aliquots of the samples labeled with the isotoplcally different reagents (e.g.. heavy 
and light reagents) are combined and all the subsequent steps are performed on the pooled 
samples. Combination of the differentially labeled samples at this early stage of the 
procedure eliminates variability due to subsequent reactions and manipulations. Preferably 
equal amounts of each sample are combined; 

Removal of excess affinity tagged reagent. Excess reagent is adsorbed, for example, 
by adding an excess of SH-containing beads to the reaction mixture after protein SH groups 
are completely derivatized. Beads are added to the solution to achieve about a 5-fold molar 
excess of SH groups over the reagent added and incubated for 30 min at RT. After the 
reaction the beads are be removed by centrifugation; 

Protein digestion. The proteins in the sample mixture are digested, typically with 
trypsin. Alternative proteases are also compatible with the procedure as in fact are chemical 
fragmentation procedures. In cases in which the preceding steps were performed in the 
presence of high concentrations of denaturing solubilizing agents the sample mixture are 
diluted until the denaturant concentration is compatible with the activity of the proteases 
used. This step may be omitting in the analysis of small proteins; 

Affinity isolation of the affinity tagged peptides by interaction with a capture reagent. 
The biotinylated peptides are isolated on avidin-agarose. After digestion the pH of the 
peptide samples is lowered to 6.5 and the biotinylated peptides are immobilized on beads 
coated with monomeric avidin (Pierce). The beads are extensively washed. The last washing 
solvent includes 10% methanol to remove residual SDS. Biotinylated peptides are eluted 
from avidin-agarose, for example, with 0.3% fonnic acid at pH 2; 
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dependent fragmentation. Methods anri i„.,„ . or CE MS w,th data 

and deso*ed, for exa.p,e, ZlZ Z^ZT" ^ 
1996; or Haynes e. a,.. 1998 are ' ^'^eys e, a,.. 

In this .last step, both the mmnfitw ^r,^ 
tagged peptides o Jnated I be d 1 IT"" °' ^ 

achieved by me operation oHH ' » 

successive s^n ^n ™ ' '"^ " 

capiiia. ^^z::r::7r:zT::::;''i ^ - 

puant^ed by measuHng in the MS ..rre r: ~ ^^^^^ T""' 

ions of identical sequence that ,r» , . ^ ^ ""''^ °' P^Pti^^ 

.agent, respecvi::: i^::!:: dt " """"^ " °' - 

Within the afflnity tagged reaget. pIZ ™" ' ~ 

by selecung pep ide Ls 21 ! «"'~ly genetated 

diLocaSon (CD r "--'o-hatge (n^) rsUo for colliston-induced 

sequenced peS:^rd * ITT T"^ " '"""^ - 
anah^se. jj : , ^ Combination of the results generated by MS and MS" 

^^^^^^^^ san,.es the.fore determines 

ml^Cures in Jsingie. aZIirpe ~ 

.equ^r^nZr^^^^^ 

peptides in a protein digest an the tanden, 1 ' °' 

a. Shown in Pig. rL , . and pHrZ " ^"'^ ^ ^"-^^ 

g~urgro:i:T:r:rr""^ 

homoserine lactones. ^ °' 9^°^P^ ^^^^ ^^^^^ vWth 
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The approach employed herein for quanltative proteome analysis is based on two 
principles. First, a short sequence of contiguous amino acids from a protein (5-25 residues) 
contains sufficient infomiation to uniquely identify that protein. Protein identification by MS" 
is accomplished by correlating the sequence information contained in the CID mass 
spectrum with sequence databases, using sophisticated computer searching algorithms 
(Eng. J. et al. (1994): Mann. M. et al. (1994); Qin. J. et al. (1997); Clauser, K.R. et al. (1995)). 
Second, pairs of identical peptides tagged with the light and heavy affinity tagged reagents, 
respectively, (or in analysis of more than two samples, sets of identical tagged peptides in 
which each set member is differentially isotopically labeled) are chemically identical and 
therefore serve as mutual internal standards for accurate quantitation. The MS 
measurement readily differentiates between peptides originating from different samples, 
representing for example different cell states, because of the difference between isotopically 
distinct reagents attached to the peptides. The ratios between the intensities of the differing 
weight components of these pairs or sets of peaks provide an accurate measure of the 
relative abundance of the peptides (and hence the proteins) in the original ceil pools because 
the MS intensity response to a given peptide is independent of the isotopic composition of 
the reagents (De Leenheer. A.P. et al (1 992). The use of isotopically labeled internal 
standards is standard practice in quantitative mass spectnDmetry and has been exploited to 
great advantage in. for example, the precise quantitation of drugs and metabolites in bodily 
fluids (De Leenheer, A.P. et al. (1992). 

In another illustration of the method, two mixtures consisting of the same six proteins 
at known, but different, concentrations were prepared and analyzed. The protein mixtures 
were labeled, combined and treated as schematically illustrated in Scheme 1 . The isolated, 
tagged peptides were quantified and sequenced in a single combined pLC-MS and pLC-MS" 
experiment on an ESI ion trap mass spectrometer. All six proteins were unambiguously 
identified and accurately quantified (Table 2). Multiple tagged peptides were encountered for 
each protein. The differences between the observed and expected quantities for the six 
proteins ranged between 2 and 12%. 

The process is further illustrated for a single peptide pair in Figs. 3A-C. A single scan 
of the mass spectrometer operated in MS mode is shown in Fig. 3A. Four pairs of peptide 
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»>. ^a^cterized by .he ^ass dWarenti^ encoded.in *e affinity tagged reagent are 
detected „ th,s scan and indicated with.their ^peCive ™* values. The scan shown was 

Z:: :: ch^- ^"^^ " chro^tcgraph. e,u«o„ gradient ^ 

man 1200 such scans were automatically recorded. Fig. 3B shows an expanded view of the 
mass spectnin, around the ton pair with rs^, p, 993.8 9,, , 

dlT T ' TT" ™" "* potentially Memoes the ions as a pairo, 

doub^ Charged affln«y tagged peptides of identical sequence (™ss dWerence of e Jand 
ha-ge state of two,. Fig. 3C shows the . reconstructed ion ch™n,atog.„s for these! 
speaes. The reteUve quantte we,B determined by in,eg.«ng the contour ofthe respec«ve 
peaks. The rato (,igh«,eavy) was detennined as 0.54 (Table 1). The peaks in the 

^" appear serrated because in every second scan «,e mass 

(CID . ss spectrum, of a sheeted peptide tan. These CID spectra were used ,0 klentify the 
P.>.e. fron, wh.h the tagged peptides originated.. Fig. 4A shows the CID spectrum 

recorded from the peptide ion with m/y - qqb / ^ -.^ 

■ ^ ■ (marked with an arrow in Fig. 3A) Database 

searcng with this CID spectn.. ident^ed the protein as glyceraldehyde-UsZ 

dehydrogenase (Fig. 4B) Which was a member Of the protein mixture. 

Several benefical features .of the this method are apparent. First at least two 

oltlT" "'"^ quantitation and 

r H *^ "'"'^^ P-P'«- all contained at least 

ZTT^'^" rescue. The presence of the reiaUvely r^e cysteiny. residue in a 
pe^de adds an addiUonal powerful con^raint for database searching (Sechi. S. et al. 

^LT' T'"' °'^-«Pntaining pepUdes significantly 

ptr ForT ?• °' "^''^^^ 8« concur., digestion of six 

^mples eiuted from .he avidin afnn«y column are direcOy compatible wKh analysis b pLC- 
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Quantitative analysis of protein expression in different cell states 

The protein reactive affinity reagent strategy was applied to study differences in 
steady-state protein expression in the yeast, S. cerevisiae, in two non-glucose repressed 
states (Table 3). Cells were harvested from yeast growing in log-phase utilizing either 2% 
galactose or 2% ethanol as the carbon source. One-hundred pg of soluble yeast protein 
from each cell state were labeled independently with the isotopically different affinity tagged 
reagents. The labeled samples were combined and subjected to the strategy described in 
Fig. 1 . One fiftieth (the equivalent of approximately 2 pg of protein from each cell state) of 
the sample was analyzed. 

Glucose repression causes large numbers of proteins with metabolic functions 
significant to growth on other carbon sources to be minimally expressed (Ronne. H. (1995; 
Hodges, P.E. et al. (1999)). Growth on galactose or ethanol with no glucose present results 
In the expression of glucose repressed genes. Table 3 presents a selection of 34 yeast 
genes encountered in the analysis, but it contains every known glucose-repressed genes 
that was identified (Mann, M. et al. (1994). Each of these genes would have been minimally 
expressed in yeast grown on glucose. Genes specific to both growth on galactose (GAL1, 
GAL10) as well as growth on ethanol (ADH2, ACH1 ) were detected and quantitated. 

The quantitative nature of the method is apparent in the ability to accurately measure 
small changes in relative protein levels. Evidence of the accuracy of the measurements can 
be seen by the excellent agreement found by examining ratios for proteins for which multiple 
peptides were quantified. For example, the five peptides found from PCK1 had a mean ratio 
±95% confidence intervals of 1.57±0.15. and the percent error was <10%. In addition, the 
observed changes fit the expected changes from the literature (Ronne, H. 1 995; Hodges, 
P.E. et al. (1999)). Finally, the observed changes are in agreement with the changes in 
staining intensity for these same proteins examined after two-dimensional gel electrophoresis 
(data not shown). 

The alcohol dehydrogenase family of isozymes in yeast facilitates growth on either 
hexose sugars (ADH1) and ethanol (ADH2). The gene ADH2 encodes an enzyme that is 
both glucose- and galactose-repressed and permits a yeast cell to grow entirely on ethanol 
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by converting it into acetaldehyde which enters the TCA cycle (Fiq 5A) In th. 

r rarer:: :rr ^^^^ - 

amerences in gene expression across families of isozymes is 

~ T '"^^ '^'"^"^ °' e^eRi^ ^ 

e. al. (1997,,. The ™e*od of «s inve„«on applied as *s.ra.ed in R9.I succeeded in 

measunng gene exp^ssion for each isozy„,e even .hough ADH, and ADH2 share 33% 

an.no acKi ,88% nudeoUde, sequence sin„a*y. This was because me affin«y fagged 

^^Ihrr"^ '™ " ' ^ '^^'"^ '° 

wh«=h sh«ed the retenuon a„,e by more than 2 n,in and «,e mass by 2 daitons for .he ADH2 

SB, AOH, „as expressed a. approximafe, 2-fo,d hi h ieveis ZZZ. 

ZZ 7" ^ ^'^'^-■'""'-^ o' ADH2 exp^sl 

resulted ,n more .han 200-,old increases compared wift galaCoseHnducUon. 

TTie resulte described above aiustrafe ma. me me.hod of mis invenfcn provides 

~n :;t r °' 

therein in a single, automated operation. 

con,o,»1' ' '"'"^'^ ~ W"«y -^"^^ the 

complexrty of .he peptide mixtures because affinih, t»n„«, „ , • 

selecBvelv c ^ cysteine-containing pepUdes are 

an^^ .e^^^ are sm achieved. The chemica. reaction in of me suimydr, r agen. wim 

r hT^r : ~ °' ^-^'"^ -"--^ -"^'^ - 

wuicri unemicajs that do not contain r*aar-*;v,^ fu- i 

solution wlfh n„ ^ , . r ^"""P- Therefore, proteins can be kept in 

pll sIhT ' """'^ —IV -ed 

re Ja d T " """'^""^ " '""^ Affinity uH^cation 

Of me tagged peptides completely eliminates con.aminan.s incompatible wtth MS. The 

quantitebon and identification of low abundanr» k 

larae,mn.,„,w ■„■ , P'ote'-'s "y conventional methods requires 

large amounts ,m,ll,grams, of starting protein lysate and involves some type of enrichmen, for 
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these low abundance proteins. Assays described above, start with about 100 pg of protein 
and used no fractionation techniques. Of this, approximately 1/50 of the protein was 
analyzed in a single pLC-MS" experiment. This system has a limit of detection of 10-20 fmol 
per peptide {Gygi. S.P. et al. (1 999)). For this reason, in the assays described which employ 
MLC-MS"only abundant proteins are detected. However, the methods of this invention are 
compatible with any biochemical, immunological or cell biological fractionation methods that 
reduce the mixture complexity and enrich for proteins of low abundance while quantitation is 
maintained. This method can be redundant in both quantitation and identification if multiple 
cysteines are detected. There is a dynamic range associated with the ability of the method 
to quantitate differences in expression levels of affinity tagged peptides which is dependent 
on both the intensity of the peaks con-esponding the peptide pair (or set) and the overall 
mixture complexity. In addition, this dynamic range will be different for each type of mass 
spectrometer used. The ion trap was employed in assays described herein because of its 
ability to collect impressive amounts of sequencing infomnation (thousands of proteins can 
potentially be identified) in a data-dependent fashion even though it offers a more limited 
dynamic quantitation range. The dynamic range of the ton trap (based on signal-to-noise 
ratios) varied depending on the signal intensity of the peptide pair and complexity of the 
mixture, but differences of up to 100-fold were generally detectable and even larger 
differences could be determined for more abundant peptides. In addition, protein expression 
level changes of more than 1 00-200-fold still identify those proteins as major potential 
contributors to the phenotypic differences between the two original cell states. The method 
can be extended to include reactivity toward other functional groups. A small percentage of 
proteins (8% for S. cerevisiae) contain no cysteinyl residues and are therefore missed by 
analysis using reagents with sulfhydryl group specificity (i.e.,thiol group specificity). Affinity 
tagged reagents with specificities toward functional groups other than sulfhydryl groups will 
also make cysteine-free proteins susceptible to analysis. 

The methods of this invention can be applied to analysis of low abundance proteins 
and classes of proteins with particular physico-chemical properties including poor solubility, 
large or small size and exfreme p/ values. 
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The prototypical application of the chemist^, and method is the establishment of 
,uan.ta^„e proves of complex protein samples and uNimately total lysa.es of ceTs nl 
..sue fo„ ing the p.fen.d method described above. ,„ add«on L reagen' r 
™.hods Of this i„ve«on have app,lca«ons wh^ ,o beyond the detennination of plm 
expression pn^files. Such applications include the follov^ing: 

Application of amino-reacave or sulfl^d,y,-,eactive, differentially isotopically labeled 

aflinity tagged reagents for the quantitaUveanalvsisnfn^,=- ■ • labeled 

M '"""""e analysis of proteins m immune Dtecioitalad 
complexes. ,„ the preferred version of this technique prote. complexes from 1 

jesenting dWerent stetes (e.g., different states of activation, different disease states 

• atrr T °' * = ^P^* -^ent, prefe^bly an ' 

an^b^-y. The proteins in the precip«ated complex are then der^a«.ed and ana Jed as 

,n det^^^'T" °' '-topically labeled affinity tagged roagents 

tade^rm™ the sites of induced pnotein phosphory,a«on. m a profaned version of this 
rir r'^'" ,e.g., immunoprecipitated from cells under d^eront s«mu.a.o,y 
-^*ons, are tragmented and dedvatized as descnbed above. Phosphopeptides are 
dentified ■„ the resuming pep«de m«n,ro by fragmentafcn in the ion sou,« of the ESWS 
n^ment and their relative abundances aro de.em.ned by c„mpadng the ion s J 

■^e^t^li^T^T^'"'''^ '^'^'^^ ^""y -9-ts are used to 

P P des to be analyzed aro denvatized with a 50:50 mixUrro of an isotopically light and 
h^vyreagent which is spe^c for amino groups. Pragmentat.n o, the epJesWao 

d^'lL ' -^-s the dimculty m 

detem„n,ng the ammo acid sequence of the derivaBzed peptide. 
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Quantitative Analysis of Surface Proteins in Cells and Tissue 

The cell exterior membrane and its associated proteins (cell surface proteins) 
participate in sensing extemal signals and responding to environmental cues. Changes in 
the abundance of cell surface proteins can reflect a specific cellular state or the ability of a 
cell to respond to its changing environment. Thus, the comprehensive, quantitative 
characterization of the protein components of the cell surface can identify marker proteins or 
constellations of marker proteins characterisUc for a particular cellular state, or explain the 
molecular basis for cellular responses to extemal stimuli. Indeed, changes in expression of a 
number of cell surface receptors such as Her2/neu. erbB. IGFI receptor, and EOF receptor 
have been implicated in carcinogenesis and a current immunological therapeutic approach 
for breast cancer is based on the infusion of an antibody (Herceptin. Genentech. Palo Alto. 
CA) that specifically recognizes Her2/neu receptor. 

Cell surface proteins are also experimentally accessible. Diagnostic assays for cell 
classification and preparative isolation of specific cells by methods such as cell sorting or 
panning are based on cell surface proteins. Thus, differential analysis of cell surface 
proteins between normal and diseased (e.g.. cancer) cells can identify important diagnostic 
or therapeutic targets. While the importance of cell surface proteins for diagnosis and 
therapy of cancer has been recognized, membrane proteins have been difficult to analyze. 
Due to their generafly poor solubility they tend to be under-represented in standard 2D gel 
electrophoresis patterns and attempts to adapt 2D electrophoresis conditions to the 
separation of membrane proteins have met limited success. The method of this invention 
can overcome the limitations inherent in the traditional techniques. 

The analysis of membrane proteins is challenging because they generally are difficult 
to maintain in solution under conditions that are compatible with high sensitivity analytical 
instalments such as mass spectrometers. The application of the methods of the present 
invention to the analysis of membrane proteins is exemplifed using human T cell lymphoma 
cell line Jurkat for membrane protein labeling and extraction and the well characterized 
human prostate epithelial cell line P69SV40T and two P69SV40T sublines which differ in 
IGF-1 receptor expression by factor of 10 to exemplify quantitative, differential analysis of 
membrane proteins. 
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Jurkat cells are an appropriate model system because tt,e cells easy to grow in 
la|9e numbers and because the modulafion of cell surface proteins in .spcnse to different 
sfmul, and experimental conditions t,as been well characterized in T lympl,ocytes 
commercially available bioflnyla«ng reagents or more generally affintty tagging reagents are 
employed to derivatize lysine residues and the free N-tennini. Water soluble biotinylaflng 
- jnts such as Sulfo^JHS (N-hydroxy succinimide, bio«n and analogs (Suteucanimid^- 
6^b«t,nam,do).hexanoate, Pierce, Rockfbrt, 1L) which have been used extensively for 
labeling cell surface p^teins can be employed.. The reaction of NHS esters with pdmaty 
am,nes is best at neutral pH values and above and is compatible with the presence of 
organic solvent such as DMSO or DMF. Btotinylation of cell surface proteins ft.m the Juri<at 
c«lls ,s canied out In PBS buffer at pH 7.2. Cels (1 x 10') are washed with PBS bufferto 
remove contaminating semm and other proteins from the culture medium. The cells sr^ 
resuspended at 25 x 1 0« cell/ml and reacted with 0.5 mg/ml of Sulfo-NHS-Biotin (Pien:e 
Roddord, IL) for 30 min at RT. The labeled cells are washed twice with cold PBS to remove 
unreacted biotinylating reagent. Biotinylated cells are solubilteed at 5 x 10' cells/ml in lysis 
buffer containing 1 % Triton X-1 14. Triton X-l 14 has the property o, phase^arti^oning into 
detergent phase and agueous phase at 30-C. Following the phase partitbning, deferent 
phase ,s removed fram the aqueous phase by centriftrgation at SOOxg. Phase partitioning 
has prev„usly been successfully used to enrich cell memb^ne. Also, this technique was 
found to enrich membrane proteins ftom Juricat cell lysates . Trik,n phase is d,1uted 1:5 (v/v) 
usng 50 mM ammonium bica*onate buffer, pH 8.5, and high-purity, modified pon=lne^,ypsin 
.s added to digest the proteins at a concentration of 12,5 ng/ml for overnight at 37-C 
Trypsn, is neutralized by the addition of a cocktan of .serine p^tease inhibitors and trypfic 
pep^des are isolated by the avidin affinity chromatography techniques. Eluted peptides sre 
separated e.g., by pLC methods and identified by searching peptide sequenc databases 
using for example, the Sequest progiam. 

The human prostate epithelial cell line P69SV40T which was immortalized with SV 40 
antigen has been well characterized . This cell line is imn»rtal but not tumorigenic and 

expresses ^pe 1 insulin like growth factor receptor (IGP-1 R, at 2 x 10- receptors per cell. A 

subline, called M12. was derived frnm PftQc\/>»nT u 
... ^ ^ P69SV40T by sequential passage in male athymic 

nude m.ce . Th.s cell line is highly tumorigenic and metastatic and expresses 1.1 x 10^ IGF- 
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1 R per cell. The relative difference in the abundance of IGF-1 R in the cell lines P69SV40T 
and M12 can be quantitatively detennined using methods of this invention adapted for 
application to membrane proteins. Since the number of IGF-1 R for these cell lines has 
already been determined, this well characterized system can provide a reference to validate 
the efficiency of the quantitative methods of this invention 

P69SV40T cells (1x10') are biotinylated with an isotopically heavy biotin tagged 
amino reactive reagent and the M12 cells (1 x 10') are biotinylated with a corresponding 
isotopically light amine reactive biotin tagged amino reactive reagent. IGF-1 R is then 
immunoprecipitated from the .combined lysate of both cell lines using an antibody against 
human IGF-1 R and the total mass of immunoprecipitated proteins is digested with trypsin. 
Trypsin is then neutralized, e.g.. by the addition of inhibitors and tagged peptides are purified 
by biotin-avidin affinity chromatography. The eluted peptides are analyzed by LC-MS and 
LC-MS^for peptide quantitation and identification, respectively, as has been described 
above. Quantitation in this experiment is facilitated by the option to use selective ion 
monitoring in the MS. In this mode only the masses of tagged peptide ions expected to 
derive from IGF-1 R need be monitored. 

The described technique can be applied to compare the differences in relative 
abundance of cell surface proteins between parental prostate cell line (P69SV40T) and Ml 2 
cells to detect and identify those cell surface proteins whose expression level is different in 
the two cell lines and which may be characteristic of the different cell states^ Using the 
methods described herein global, relative quantitation of the cell surface proteins in any two 
or more cell lines can be analyzed to detect and identify those cell surface proteins 
characteristic of the different cell states. Results can be independent confirmed using 
procedure such as ID or 2D gels, if applicable, or quantitative western blotting to confinn 
quantitation results. 

It is expected that the experimental variability of quantitation of cell surface proteins 
will will be onsiderably better than the accuracy of quantitation achieved by cun-ently 
available cDNA array technology. In addition to relative protein quantity and identity, the 
method can also be used to reveal the orientation of the protein in the membrane, based on 
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the presumpto that intac. alive cells w,ll exdude the biotinylaUng reagent 

can be applied .0 enhance the selectivlt, for tagged peptides 
denved fron, ce. surface p..ei„s. For exanple, tagged cell surface prot^s can f 

^.n.ed d,rec«y on the intact cells to generate tagged peptides. puH«ed and analyzed as 
discussed, n addition, traditional cel, .emb^he preparations n,ay be used as an i l 
~ eel, surface proteins. These methods can include gentie eel, lysIs witi, a do^ ' 
hon»gen.er and sedes o, densHy gradient centrm^gations to isolate n,en*,ane p^tej 
™r to prc^eolysis.. This method can pro,.de Highly enriched preparations of Jl surface 
pro e.3. Amn,ty tagged proteins n,ay also be isolated by affinity chrontatography prior " 
proteolys,s as well as afterproteolysis. TT,is chromatography can be perfom,ed in L 
presence of surfactants such as TX-100. NP^O orTween-20 to maintain protein soiubillty 
2 application of affin«y d^romatography steps (one for the inUct protein and ' 

one for the tagged peptide fragments) p^vides a high degree of satectivity. These 
altiemative metinods are easily scalable for ti,e detection of ,ow abundance membrane 
p.o,e,ns and ti,e relative quantity of tagged peptides tagged is maintained through tt,e 
selective enrichment Steps. 

taooedo f '"T" °' °' '~ P-'--. *e 

g~?" " "^'^^ '^'^'^ "^"^^ - ^-"'y ^ *e peptides 

generated from more soluble samples. . ^ ^ 

S^mesis Of afRnity tagged protein „ac«ve reagents that a„ selecUve for certain 

proteins groups 

Synthetic routes exemplary affinity tagged reagents suitable for use in the methods of 
2 nventron are provided in Schemes 2-3 who,. „e,.Known syntiretic technlqueHr 
empbyed ,n synthesis of the non^Jeuterated and deute,«ed reagents. . 

blotin gtuTaf «~«-«-ine 4 (Scheme 3, consists of a 

scopes and a ,odoacetamldy, group, respectively. The biotin group is used for afB™-,y 
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enrichment of peptides derivatized with the reagent, the ethylene glycol linker is differentially 
isotopically labeled for mass spectral analysis and the iodoacetamidyl group provides 
specificity of the reagent for sulfhydryl-contalning peptides. The reagent an be synthesized 
in an all hydrogen form (isotopically light form) with and with 1-20. and preferably 4-8 
deuterium atoms in the linker (isotopically heavy forms). 

Analysis of Velocities of Multiple Enzymes In Cell Lysates 

Monitoring enzyme functions by biochemical assays is an essential diagnostic tool 
that employs a multitude of analytical techniques including spectrophotometric. fluorometric. 
and radiometric detection of products. However, current methods are difficult to use for 
assaying several enzymes simultaneously in a single sample. Mass spectrometry for 
quantification of a collection of metabolites in biological fluids has emerged as a powerful 
approach for the analysis of birth defects (Morris et al.. 1994). but this analytical technique 
has not been developed for the direct analysis of rates of individual enzymatic steps. The 
analytical method described herein for monitoring and quantification of en^matic activities in 
cell homogenates and other biological samples permits simultaneous (multiplex) monitoring 
of multiple reactions, and can be readily automated. 

A feature of the method of this invention as applied to enzyme assays is the use of 
electrospray ionization mass spectrometry (ESI-MS) (Cole et al.. 1997) for the simultaneous 
detection of enzymatic products and chemically identical internal standards, which are 
distinguished by stable isotope (deuterium) labeling. A second feature is the use of affinity 
tagged reagents containing an enzyme substrate which when combined with affinity 
purification provide for facile capture of enzymatic products from cmde biological fluids. The 
affinity tagged reagents are designed to contain a target substrate for an enzyme of interest 
that is covalently attached to an affinity tag via a linker. Action of the enzyme of interest on 
the substrate conjugate causes cleavage or other modification that changes its molecular 
mass (Scheme 4). The change of mass is detected by ESI-MS. The linker and and affinity 
tag used preferably fadlitate ionization by ESI. block action of other enzymes in the 
biological fluid, and allow highly selective capture from the complex matrix for facile 
purification. 
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An example of this approach ,fe the design and synthesis of affinity tagged enzyme 
su s^te reageants 1 and 2 (Scheme 5, to sinH,«aneous,y assay lyscsoma, ^3, cL^ase 
and N.ace^,..D^„„3aminidase, respectively. Oefiotency of the fo^e, er^me ^11: 
one Of the lysosomal stooge diseases, GM«sidosis. a cond^on that Lr. in 1 
populaton „„h a frequency of about 1 in 50,000 and leads to eady death of affected 
children.. Deficiency of N-acetyl-R-D^iucosaminidase results in the ,.,e lysosomal stoiage 
disorder Sanf^ ippo syndrome tvfva R Thi. , ^ . ""lai aorage 

(19991 J a™ o et al. 

Hrlty ^^^^ ^^"^-^'O^^h'^i^'ncon^rated by refe^nce herein in 

Conjugates 1 and 2 consist of biotin as an affinity tag, which is coupled to sarcosine 
to ^ep^™„„ .m^btee, 333,^3^ ^^^^^ ^ 9 

zzx nrraTi: '° ""^^ ^= i: 

ine ceiiuiar nuias and cou d cause ciMvano +k« ~ • . 

nAr,u Cleavage of the conjugate molecule during the assav 

^.1 ur e, al., ,997,. In addition, „ was found that biotiny,-sa,«,sine conjugates can I 
Set^l ~ by addiOon of bio„n. The N^io«„,sarcosine bL is linked .0 a 
po^emer d,am,ne, the length of which can be varied .0 avoid mass/charge ovedaps of 
products and ,n.en,al standards. The linker also allows faale introduction of multip e 

CD2 dCDCN ? D0CH2CH2OCH2CH2OD WW, 

T. Bu//. cnem. Soc. Jpn 1988 61 o^icnx „ ^ .1. 

Hi«min •♦K o K ^ • 2443-2450) and the resulting dinltrile was reduced to the 

acuoNin CH3CN and catalytic NaOH. 

coniugr!!!!??'" ' '° ^""^ "^'^^ -'"""^ °f -"^'-te 

s~det ct K "Hus ensure 

.X r^"^'^- ^« '^'Set cart^ohydrate substrates are attached 

n 4 a r ' ''^^"^ ^« P™^"« conjugates 3 

All reagents were punfied lo homogeneity by reverse-phase HPLC and characterized by 
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high-field 1 H NMR and ESI-MS. The substrate was linked to the diamine spacer by Michael 
addition of the latter onto the p-acryloylamidophenyl glycoside. (Romanowskaet al.. 1 994) 
and the intermediate was coupled with the tetrafluorophenyl ester of N-biotinylsarcosine 
(Wilbur et al., 1 997). 

The ESI-MS assay of P-galactosidase and N-acetyl-R-D-glucosaminidase is based on 
enzymatic cleavage of the glycosidic bond to release monosaccharide and conjugates 3 and 
4 (mass differences are 162 and 203 Da. respectively). In a typical procedure. 0.2 mM 1 and 
0.3 mM 2 were incubated with sonicated cultured fibroblasts from individual patients with 3- 
galactosidase deficiency and with fibroblasts cultured from unaffected people. After 
Incubation, labeled internal standards 5 and 6 were added, and the biotinylated components 
were captured on streptavidin-agarose beads. Quantitative strepavidin capture efficiency 
from a cell homogenate was observed with model reagents. After purification by multiple 
washings to remove nonspecifically bound components, the biotinylated products were 
released by free biotin. and the eluant was analyzed by ESI-MS. About 85% release of the 
biotinylated products was observed after incubation with excess biotin for 90 min. A blank 
was obtained by quenching the assay with all components present at time zero. 

A typical procedure, cell protein (75 pg) in 15 pL of water was added to 15 pL buffer 
(0.1 M Na citrate. pH 4.25) containing 2 (0.3 mM) and 1 (0.2 mM. added 5 h after addition of 
cell protein). After incubation for 5.5 h at 37 "C. the reaction was quenched by addition of 
200 pL of 0.2 M glycine carbonate buffer. pH 1 0.3. and 5 and 6 (1 nmol each) were added. 
After centrifugation to remove cell debris, the supernatant was loaded onto a bed of 
streptavidin-agarose (7 nmol biotin binding capacity. Pierce) in a small filtration device (micro 
BioSpin. Bio-Rad). After 5 min. filtratipn was effected by centrifugation. and the gel bed was 
washed with 0.1% Triton X-100 ( about 1 min incubation, then spin) and then six times with 
purified water (Milli-Q. Millipore). Elution was carried out in 25 pL of 50% methanol containing 
56 nmol of free biotin (1-10 h incubation, then spin). Filtrate was diluted 4-fold with 50% 
methanol/water, and 1 pL was analyzed by ESI-MS. 

The ESI-MS spectrum of the blank (Figure XA)is remari<ably simple, showing peaks of 
the (M + H)^ ions from reagents 1 and 2 (m/z 843 and 840). intemal standards 5 and 6 (m/z 
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689 and 641,. and t.ce an^unU o, pnodu* 3 and 4 |n.. 681 and 637). ,ons due to 
dusters Of b,ot,n also appear in Ihe specm^n, but did not interfere «,m tl,e analysis The 

reaoT. ^ T^''^''" be due to nonen^matic substrate 

en. Hydroi^rs during sample wor. up or to oo,.is.n-induced dissoc^on of t„e substrate 
K>n ,n the gas phase. A MSA^S speCru. of «,e (conjugate 1 . H,' ton at n.. 843 gave a 
prominent fragment of (oonjugate 3 . Hf a. m/z 681 (spectrum no, shown,. The ESi^S 

rr? °i " r"' ^ ^-"-^ ^-^y shows 

2z «7 T "^""^ " ""^ N-aoetyi^-D^lucosaminidase produ^ a. 

ato T ' "^"'"^ "''"3 '^^ ^ ^-"^^ P^««"' Xielded 

a P^alactos,dase specific activity of 51 i 3 nmol*/(mg cell protein) and an N-acetyliD- 
g u^saminidase specific ac«v«y of 1 .4 . 0.3 nmoW^mg. Time course studies conflm^d that 
me ,n*ai reacon velociUes were being measured. Values obtained w«h cells ftom six 
hea thy .drvduals ranged from 36 . 4 to 68 . 3 nmo,*/mg for p-galactosidase and 0.9 . 
0.05 to 2.3 ± 0.4 nmol/h/mg for N-acet^^-D^iucosaminidase. In contrast, very We 
enzymatic product above the blank level (0 9 + 0 9 and n b 4. n k „~ , 
wh=„™,i . "-^ a™ 0-8 ± 0.6 nmol/h/mg, was observed 

wh n ce«s from two patients with p^alactosidase deficiency were used, whereas N-acety... 

^lucosamrnr-dase activity is cleahy detected (F^ure XC). These spec, were obtal, J 

h^ '° - '000 "b^blasts. Thus the ESI^S method 

has very high sensitivity for biomedical applications. 

liTe^ '° ^' ^ — vvere 

oMained from the ratio of p.duc to interna, standard ion peak areas (averaged over 30 

can r™'? ''''^"^ "='"3 '^'^^ ^ ESI^S 

elm '7 r '"'"^"^ ~ '° 

' ^ '""^ """'^''"^ --VS to ass.t 

« ^nfinnrng diagnoses of rare disorders. The method can be used to measure several 

enzymes srmultaneously when evaluating the rate of chemical ..ux through a specific 

bo^hemical pathway or for monitohng btochemical signaling pathways. T.e affinty tag- 

complex matures is technically simple and can be readily automated, particular when bbtin- 
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strepavidin is employed. Because of the high sensitivity of the ESI-MS detection employed, 
which requires only sut>-microgram quantities of the substrate reagents per assay, the 
synthesis of several hundred substrate reagents on a low-gram scale becomes practical and 
economical. Since most enzyme active sites are exposed to solvent, it is possible to attach 
an affinity tagged linker to most enzyme substrates while preserving enzymatic activity. 
Scheme 6 provides the structures of several additional enzyme substrates, suitable for use In 
this method, indicating by arrows allowable positions for tag attachment sites. Allowable tag 
sites for additional enzyme substrates can be detenmined by review of X-ray crystal 
structures of enzyme-substrate or enzyme-substrate analog structures. Using a standard 
computer graphics program . available X-ray data and by attaching an extended chain butyl 
group (as a model for the affinity tagged linker) to potential tag attachment sites, suitable 
attachment sites that show there are no enzyme-atoms in van der Waals overlap with the 
model tag can be predicted. 

Analogous methods to those described above can be applied to the analysis of 
enzymes associated with other Sanfillipo Syndromes (A. C and D). SFA is associated with 
heparan sulfamidase. SFC is associated with acetyl-CoA-alpha-glucosaminide N- 
acetyltransferase and SFD is associated with N-acetylglucosamine 6-sulfatase. Exemplary 
affinity tagged enzyme substrate reagents useful in the analysis of these enzymes and the 
diagnosis of these disorders are provided below. The methods can also be applied of the 
diagnosis of Niemann-Pick Type A and B disease by assaying for acid sphingomyelinase 
and to the diagnosis of Krabbe disease by assaying for galactocerebroside beta- 
glacatosidase. These enzymes are currently assayed employing fluorphore-derivatived . 
reagents as indicated in Scheme 7. Enzyme substrate reagents for assay of these enzymes 
in the methods herein can be readily prepared by replacement of the fluorophore with an A-L 
group herein. This approach to preparation of affinity tagged enzyme substrates is generally 
applicable to any known fluorophore -derivatlzed enzyme subtrate or substrate analog. 



Table 4 provides exemplary enzymes that are associates with certain birth defects 
disease states. These enzymes can be assayed by the methods described herein. 



or 
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fcDrsr' Carbohyd,..e.Deficie„. GlycoprotePn Sy„dro„,es 

The methods and reagents of this invention can be employed to quantify the velocities 
ofmull,ple enzymes pertinent to diagnosis of CDGS diseases. "V fe veloc*es 

^J^"^ " - »' *e enzymes 

phosphoman„o,some,ase (PMIb, aype lb, and phosphomannomutase (PMM2, lyl ,a, 
wh,ch are part of a mulBstep pathway (Scheme 8, for conve^ion of glucose to Inl?/ 

Phosphate, reeze. 199a,. The monosacchande substrates involvin the aZ r 
ftucose^-phosphate, mannose-6.phosphate, and mannose-l-phosphate ThesT 

mo™>sacoharides can be somewhat diffl«,lt to convert to substrate conjugates because i, is 
no. a p«..ear which atom on the sugar should be coniugated w«h thi " " 

^^ngenzymeact^ity. PMIb and PMM2 can, however, be assayed indireCy. 
~ dir h^T"^" """" ^olicho^P-mannose synthase which catal>^es the 
rTcrern "1'^''^'°''''''' GDP^annose to fom, dolichol-P-mannose and GDP 
(Scheme 8. Chapman e, al. 1980). This syn«,ase can be assayed using «,e methods oL 

~« r ' ~. M..bial PMM andL .ZTj^^^ 

makes GOP.mannose from GTP and mannose-l-P, GDP-mannose py^phosphorylase are 
^ad y punned bacteria and yeast (Giaser. ,966, Preiss, ,966,, Ind «,ese e^es 1 

zr^nLrprnr ^ ~ ^ ~ 

Of-. mannose-1-P and GDP-mannose will not be made and thus no 
eon^ated-dolichol-P-mannose will be detected by ESI^S. Exogenous GT^. is sup pL as 
a.„ . ,or the GOP-mannose pyrophospho^ase step, an! ATP . .JZZ 
rC Xr :r'™'""'~ ^°--VPMM2, .he reason sequence 

many e^Zs I' r^"" ' ' ^^"^^ ^-™'*g that 

sTZnTshort^^ °" ^'^^•'^^ '° ^^'"^ <°'-n' to 

Significant shortening of the dolichol chain- even in anH ^ = ^ . 

(Rush and Wachter 1995, . . ' ^'^rated 

K wachter. 1995). It appears that such enzymes act on the water-soluble 

ca^ohydrate portion o.he dollcho, conjugate and thus have l.e or no r::^^^^^^^^^^ 
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the dolichol anchor. Based on this, an affinity labeled substrate for the direct assay of 
dolichol-P-mannose synthase and the indirect assay of PMIb and PMM2 is prepared by 
attaching an affinity labeled linker to the non-polar end of a short dolichol. such as the 1 0- 
carbon dolichol analog citronellol. 

The synthesis of a biotinylated dolichol^o-substrate conjugate containing a sarcosinyl 
linker (B-S-Dol,0-P) is shown In Scheme 9. Protected citronellol (R = f-BuSiMe^) is 
regioselectively oxidized at the terminal alyllic methyl group (McMurry and Kocovsky. 1984). 
and the allylic alcohol is coupled with biotinylsarcosine active ester (R = CH3). The citronellol 
1-hydroxy group is subsequently deprotected and phosphoryiated with POCI3 (Rush and 
Wachter. 1995). In a parallel synthesis, dj-sarcosine. CDjNHCD^COOH, is used to prepare 
the isotopically labelled (heavy) reagent for use as an internal standard, d^- Sarcosine is 
readily prepares fomi commerically available materials (BrCD^COOD and CD3NH2) using 
standard synthetic techniques. 

The deuterated internal standard. B-d5-S-Dol,o-P-Mannose. is synthesized 
enzymatically by incubating hen oviduct microsomes with GDP-mannose and the synthetic 
B-d5-S-Dol,o-P substrate conjugate (Rush and Waechler. 1995). An added advantage of the 
B-S-conjugate is that it allows for a facile affinity purification of the microsomal mannosylated 
product by specific capture on agarose-streptavidin beads followed by elutlon with free blotin. 

This method employing affinity tagged short dolichol analogues is generally 
applicable for assaying other enzymes that operated on dolichol anchored carbohydrates. 
Such an approach is useful for the subsequent identification of enzyme deficiencies present 
in other types of CDGS that have not been yet identified. 

CDGS Type if results from defective GlcNAc transferase II (GlcNAc-T II) which 
transfers GlcNAc from UDP-GlcNAc to the 2-position of a mannose residue in the 
intermediate branched oligosaccharide (the Core Region) in the process of building up the 
disialo-biantennary chain (Scheme 1 0) (Schachter. 1986. Brockhausen etal. 1989). GlcNAc 
transferase II is one of the six known enzymes that mediate highly regiospecific glycosylation 
of the mannose residues in the Core Region. The Core Region is anchored at the reducing 
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end .0 ch,.ob,osy,aspa.g,„e, whe. the asparagine residue is part o,«,e pep«de o^in of 
he glycos^ated p^tein. The latter structure unit in the substrate can be replaced by a 
hydrophobic chain without loss of enzyn« activity (Kaur e. al, 1 991). T„us, the substrate 
conjugate for CDGS Type ,1 is assembled by linking a afSnfty-labelied linker group to «,e 
r«.uc,ng end to chitobiosylasparagine. However, the latter s,a,cture un« in «,e substrate can 
be replaced by a hydrophobic Chain without toss Of enzyme acuvity (Kaur et al 1991) For 
example, commercially available c.-D.nanno^y.nos^phenyl«othiocyana,ecan be coupled 
to a b,o.n.l3belled linker and the 5,6-hyd,oxyls are selectively p^tected as .llustrated in 
Scheme 1 1 (Paulsen and Meinjohanns. 1992). Coupling of the equatonal 3^H with perO- 
acetylmannosi..1.,richlo,oace.amida.e (Paulsen et al. 1993) will provide a disaccharide 
coniugate (S^hsn^. If a minor amount of coupling occu,. a. .he axial 2^H group the 
P^u* can be separated by HPLC. After deprotection, the pHmary 6-OH is coupled with a 
second equ,va,ent of per-0-ace.y,mannosy|.1-trichto™acetam«iate to yield the Core Regbn 
conjugate, Deprotection of the O-ace,^ groups yields the substrate conjugate for GIcNa! 
transferase 1 which can be converted to the GlcNAc-T II substrate by enzymatic glycosyl 
transfer using a Tmon X-100 rabbK liver extract, a reacBon that has been carried out on a 
preparative scale (Kaur et al. 1981). 

„,rf„ °' "^^ '^^'-^ -feHvative needed for the internal standarxi is 

P^rfonr^ ,n parallel by using a labeled PEG^^mine buMing block (Gerberet al. 1999) 

iTlT T, T^^"^ """"^ '° tetrasacchahde (product of GlcNAo-T I ) by 

and utitang the B-S handle for affinity purification of .„eenzyma«cp™ducts. 
CDGS Type V 

r^e lipid-linked oligosaccharide (LLO) that is ^nsferred to the Asn residue of the 

Since the transferase mat attaches the carbohydrate unit of LLO to the Asn residue 

f Zhvdr .'''T Type V patients have fewer numbers 

of cart^hydrate units atached to glycoproteins, such as transfemn (Komeret al 1998) 
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However, the few carbohydrate units that are present are full-length, demonstrating that 
residual giucosyl transfer occurs in type V CDGS patients (Komer et al. 1 998). Thus, 
quantification of the rate of Asn glycosylation by ESI-MS would constitute a viable assay of 
CDGS Type V syndrome. 

Synthetic peptides with 3-7 amino acid residues containing the Asn-Xaa-Ser/Thr 
sequence have been shown to be good substrates for glycosylation (Ronin et al.. 1981). 
The strategy for the ESI-MS assay of the oligosaccharide transferase relies on a B-S 
conjugate of an appropriate peptide containing the Asn-Xaa-Ser/Thr sequence (Scheme 13V 
A heptapeptide. NH^-Tyr-Gln-Ser-Asn-Ser-Thr-Met-NH^ has shown high activity in a 
previous study (Ronin et al. 1981). The peptide is readily available by standard peptide 
synthesis using an in-house automatic synthesizer. The heptapeptide and its 
glycoconjugates can be ionized by ESI to provide stable singly-charged ions. Coupling of 
BS-tetrafluorophenyl ester witii NH^-Tyr-Gln-Ser-Asn-Ser-Thr-Met-NH^will directiy yield the 
substi^te for the transferase. Several products are expected from the enzymatic 
glycosylation and subsequent modifications of the oligosaccharide antenna. The products 
can be prepared enzymatically by incubating tiiyroid rough microsomes wrtti BS-Tyr-Gln- 
Ser-Asn-Ser-Thr-Met-NHj and Dol-P-Glu (Ronin et al. 1981a), followed by affinity 
purification of the biotinylated products. Product distribution due to different degrees of 
glycosylation can be monitored by ESI-MS. and the major components can be purified by 
HPLC. An analogous procedure using a B-N(CD3)CD2CO- conjugate is used to prepare 
deuterated internal standards. 



The molecular masses of tiie ionized substi-ate conjugates for the set of enzymes 
assayed for CDGS la. lb. II. and V syndromes, as well as products and internal standards 
are compiled in Table 5. which shows that no isobaric overiaps among the (M + H)* species 
occur. The close spacing between ttie (M + Na)* ion from ttie Type la.b product and tfie (M + 
H)* ion of the demannosylated B-{N-C2D5)-2.2-D2-Gly-Dol,o-P internal standard can be readily 
avoided by adjusting the ESI-MS conditions by addition of Na* ions to generate the gas 
phase ions as Na-adducts. 

All three of the targeted enzymes can be analyzed simultaneously in a single 
biological sample, such as a cell lysate. The PMM2 and PMIb cannot be assayed 
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vanou5CDGStyp.s instead Of relying on a battery of diffe4nt methods. 



Clinical Enzymology Assays 



pellet is thawed on ice. Sufficient 0:9% NaClis added to give a 
^a, p„t«n concent^t^n in «,e lysate of - 5n,g/.n,L (typically ,00 ™L). and 

the cell pellet is sonicated in ice water 5 Bmes ibr 2 seconds each at moderate 
<-*er^To.a, p^tan is detennined spech.pho.me.rically using the BCA ..agent 
(BCA Protein Assay kit. Pierce). 

a>e ma.n.a,ned a. concentrations of 3mM (SFB) and 2n,M (GM1 ). These concentraSons 
proton Of DMF). Rnal concentraUan of substrates is 0.3 and 0.2 n,M, respecBvely A 

!L T I ' ^^'"P'* ^"l"™ to equal 50 0 TSmcg 

For SFB: The reaction is allowed to oroceed fnr a r. c k 
substratP r^n . proceed for 4.5 u 6 hours, after which GM1 

For GM1 : The reac«on is allowed to p^ed for 0.5 hours. Quenching is as for 
15,000 rpm for 2 m,n a, room temperature to pellet cell debhs. Streptav* Agarose 
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beads (Immunopure immobliized streptavidin. Pierce) are placed in a micro bio-spin 
chromatography column (Bio-Rad). Sufficient beads are added to give a total biotin 
binding capacity of 5 nmol (typical binding capacity lOOpmol per mcL of beads as 
determined by Pierce). The sample supematant is transferred to the bio-spin tube and 
allowed to bind for 10 minutes at room temperature. The sample is spun at -3.000 rpm to 
remove excess supematant, then washed once with 0.01% Triton X-100 and at least five 
times with purified water, spinning the tube in-between to remove solution. For each 
wash, sufficient wash solution Is added to fill the bio-spin tube. 

The purified beads are then treated with 30 mcL purified water, followed by 10 
mcL of a 4mM biotin solution. The tubes are capped at the bottom to prevent leakage and 
allowed to incubate at 2-8*C for 2-12 hours. The samples are spun at -3.000 rpm to elute 
the sample into a clean Eppendorf tube. 

The sample is then diluted with 60 mcL of 50% methanol/water and infused into 
the ion-trap mass spectrometer. The ESI-MS spectrum is tuned to reduce non-specific 
cleavage of the samples by first analyzing a blank sample (cell lysate added after reaction 
quench). The infused sample is analyzed by ion chromatogram integration of a lamu- 
wide window about the (M + H+)+ ions of product and intemal standard. 

Results are reported in nmol product formed/hoiar of incubation/milligrams total 
protein in reaction mixtures 

Clinical Analysis of Patient Samples for GM1 and SFB 

Patient skin fibroblasts were obtained as frozen pellets, and stored at 020 deg C until 
use. Two GM1 affected samples and six nomrial controls were analyzed. 

50 mcL of 0.9% NaCI was added to each patient cell pellet The pellets were 
lysed by sonication in ice water 5x for 2 seconds each at moderate sonication power, 
chilling the microtip in ice water in between sonicatlons. 
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Samples were quantitated by BCA (Pierce) assay as follows: 

Reagent A and B wer. mixed in 50:1 ratio as described. A protein standard curve 
was prepared using bovine serum albumin as a standa^i at concentrations of 2 1 05 02 

and0.05mg/mLAportionofthepatientsonicateswerediluted1:15inwaterand5 ' ' " 
mcL of each diluted patient sample and standa,d curve point was added to separate glass 
Oiltu. tubes containing 200 mcL water, In duplicate. The samples were then diluted 1 
1 mL Of the m«ed BCA reagent, vortexed to mix, and incubated at 37 deg C for«0 
mmutes. The samples we,^ allowed to cool to room temperature, and analysed against a 
blank containing only 200 mcL water. The samples were analyzed by mcnitoHng 
sbsorbance a. 562nm in polystyrene cuvenes. Avenge paSent absorbance values were 
blank corrected and compared to standards via linear regression. 

The patient protein concentrations were detemilned to be: 

1.(Affected) 12.2mg/ mL. 2. (Nomral) ro.Smg/ mL, 3. (No,™i) 1 1.9mg/ mL 4 
Nom« ) 12.1mg/mL, 5. (Normal, ,0.3mg/mL, 6. (Normal, 7.79mg/ mL, 7. (Nom«„ 
1 5.7mg/ mL, 8. (Affected) 1 1 .4mg/ mL 

incubatbns were perfom,ed In a total of 30 mcL of total volume. The amount of 
.aeon buffer (200mM sodium citrate: pH 4.25) added to btenk Eppendorf tubes was «,e 
drfference of the substrate volume (3 mcL of each subs^te stock solution, 2mM for 
GM1 and 3mM for SFB, for a total of 6 mcL) plus me volume of cell lysale required to 
equa 75mog total protdn, from 30 mcL. For example; paSem, . incubaUon mixtu,. 
^-^.y contained 3 mcL of SFB substrate solution, e.U mcL patent cell lysate, ^ 

f ^^"'Ple was analyzed in triplk=ate. The reaction mixtures were kept 
on ice dunng preparation, and the reaction was initiated by transfer to a 37 deg C water 

atr an hT ' ™' ^'^^ ^ -<* and 

alter an addrtonal 0.5 hour, the reactions were placed on ice and quenched wi«, 200 mcL 
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The purification and analysis procedures are as described in Clinical 
Enzymology Assay (Typical). 

The resultant enzyme activities, as an average standard deviation nmol 
product^our incubation/mg total protein: 



B-Gal SFB 



Normals 


RATE 


+/-SD 


Rate 


+/- SD 


Patient 2 


68.0 


2.6 


0.90 


0.05 


Patient 3 


35.5 


3.9 


1.54 


0.38 


Patient 4 


51.1 


2.7 


1.36 


0.26 


Patient 5 


38.8 


8.3 


1.01 


0.12 


Patient 6 


51.4 


9.9 


2.25 


0.36 


Patient 7 


40.9 


3.7 


1.12 


0.20 


AfFecteds 










GM, (#1 ) 


0.9 


0.9 


0.80 


0.21 


GM^ (#8) 


0.8 


0.6 


0.70 


0.20 
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The following synthetic method refer to Schemes 1 4-23 

Synthesis for GM1 -gangliosidosis (beta-D-galactosidase deficiency) 

1. 2.3.5.6-Tetrafluorophenyl trifluoroacetate (1) 25g (0.15mol) 2 3 5 6- 
tetrafluorophenol. 35 mL (0.2mol) trifluoroacetic anhydride and 0 5 mL 
boron trifluoride etherate were refluxed for 18 hours under argon 
atmosphere. Trifluoroacetic anhydride and trifluoroacetic acid were 
removed by distillation at room temperature. The trifluoroacetic 
anhydride fraction was returned to the mixture, and the reaction was 
refluxed for 24 hours. This was repeated twice. After final distillation at 
room temperature, the desired product 1 was distilled at reduced 
pressure (62?C/45mmHg) to produce a coloriess liquid (30g. 82%). 1H- 
NMR. (Ref. Gamper. H. B.. Nucl. Acids Res.. v21 pp145-150) 
2. Biotin-2.3,5.6-tetrafluorophenyl ester (2) A 2.5g (10.3mmol) quantity of 
d-biotin in 20 mL anhydrous DMF under argon atmosphere was 
wamied to 60?C with stirring to effect dissolution. 1 .7 mL (12.5mmol) 
triethylamine was added, followed by 3.4g (12.5mmol) 1. The mixture 
was stirred for 2 hours, after which the solvent was removed by rotary 
evaporation. The resultant semi-solid was triturated with 1 5 mL ether 
twice to produce a white solid (2.6g. 65%). 1 H-NMR. (Ref. Wilbur. D. 
S., Bioconj. Chem.. v8 pp572-584) 

3. N-methylglycylbiotinamide-methyl ester (3) A 2.5g (6.4mmoO quantity 
of biotin tetrafluorophenyl ester in 30 mL anhydrous DMF under argon 
atmosphere was added to a mixture of 1.lg (7.7mmol) N-methylglycine 
methyl ester hydrochloride dissolved in 10 mL anhydrous DMF and 
1 -25 mL (9.0 mmol) triethylamine. The reaction mixture was stirred at 
room temperature for 2 hours, then the solvent was removed by rotary 
evaporation. The residue was extracted with choroform (2x1 00 mL) 
washed with water (2x20 mL). and dried with anhydrous sodium 
sulfate. The solvent was removed under vacuum to yield 2.1g (98 %) 
of methyl ester of N-methylglycine biotinamide as an oil. 1 H-NMR. (Ref. 
Wilbur. D. S.. Bioconj. Chem.. v8 pp572-584) 
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4. N-methylglycylbiotinamide acid (4) N-Methylglycylbiotinamide methyl 
ester was hydrolyzed in a mixture of 31 mL MeOH and 10 mL of 1 N 
NaOH at room temperature with stimng for 1 hour. The mixture was 
diluted with 50 mL 50% MeOH/water and neutralized with cation 
exchange resin, hydrogen form (AG MP-50. BioRad). The solution was 
filtered, the resin washed (3x50 mL) with 50% MeOH/water, and the 
solvents removed by rotary evaporation to yield 1 .6g (90%) of N- 
methylglycylbiotinamide acid as an off-white solid. 1H-NMR. (Ref. 
Wilbur. D. S., Bioconj. Chem., v8 pp572-584) 

5. p-Acrylamidophenyl-?-D-galactopyranoside (5) 40mg (0.15mmol) p- 
aminophenyl ?-D-galactopyranoside was added to 25 mL methanol 
and 200 mcL triethylamine with stimng. The solution was chilled in an 
ice bath. 53.3mg (0.6mmol) acryloyl chloride was dissolved in 5 mL dry 
methylene chloride and added dropwise to the stin-ed solution over 5 
minutes. The reaction was allowed to return to room temperature, 
followed by 2 hours of stining. The solution was then treated with 
successive anion and cation exchange resins (AG MP-1 and AG MP- 
50, respectively. BioRad) until neutral pH was obtained with moist pH 
paper. Solvent was removed by rotary evaporation to yield a solid 
(43mg. 90%). 1H-NMR. (Ref. Romanowska, A.. Methods EnzymoL. 
v242 pp90-101) 

6. Michael addition product of 4.7.1 0-trioxa-1.13-tridecanediamine and 5 
(6) 20mg (0.07mmol) 5 was added to a stirred solution of 80mg 
(0.35mmol) 4.7,10-trioxa-1.13-tridecanediamine in 5 mL 0.2M sodium 
carbonate, pH 10.5 at 37?C. The reaction was allowed to proceed for 3 
days, after which the solution was neutralized witii dilute trifluoroacetic 
acid and purified by reverse-phase HPLC (Vydac C-1 8 prep-scale 
column. 6 mL/min. Mobile phase: H20 (0.08%TFA)/ ACN (0.08%TFA)) 
to give 7.3 mg of product. (Ref. Romanowska. A.. Methods EnzymoL. 
v242 PP90-101) 

7. GM1 substrate conjugate of 4 and 6 (7) A 2.5mg (7.4mcmol) quantity 
of 4 was dissolved in 1 .5 mL anhydrous DMF with stirring, under argon 
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atmosphere. S.mcL triethylamine was added, followed by 2 3mg 
{8.8mcmol) 1 . The formation of active ester was monitored by silica 
TLC (5:1 CHCI3/CH30H. Rf 0.5. UV).by briefly drying the spotted TLC 
plate w,th a stream of air. After 25 minutes, the mixture was added to 
3-2mg (5.9mcmoI) 6 in 1 mL anhydrous DMF. After 2 hours the 
solvent was removed by vacuum centrifugation and the final product 
was punfied by reverse-phase HPLC (Vydac C-18 prep-scale column 
6 mL/mm. Mobile phase: H20 (0.08%TFAy ACN (0.08%TFA)) Yield ' 
4.6 mg. (Analogous chemistry, ref. Wilbur. D. S.. Bioconj. Chem v8 
PP572-584) 

8. 1.2.10.11-octedeutenD-3.6,9-trioxa-1,1lH,ndecanedlnitme (8) 1g 
(9.4mmol) of diethylene glycol «,as dissolved in 2 mL D20 in a 10 mL 
round bottom flask under a-gon atmosphere. The D20 was .amoved by 
rolao, evaporation and the process was repeated 4 times. The d-2 
d,ethylene glycol was additioned with 25 mL d,y benzene, followed by 
1.6 8 (28.2mmol) d-3 aoylonitrile with stirring under a-gon atmosphere 
After 12h, the solvent was removed under reduced pressure and the 
resultant semisolid was extracted with chlorefom. (2x5 mL) The 
solvent was removed by rotary evaporation to yield 1.85g (89%) 
product (Ref Ashikaga, K.. Bull. Chem. Soc. Jpn.. v81 pp2443-2450) 

9. 2-3.1'.12-octadeutero^.7,io-trioxa.1.13*decanediamine (9) Raney 
nickel (AHrich) was washed five times with anhydrous methanol by 
inversion and decantation. 50mg of the washed catalyst was placed in 
20 mL anhydrous mett,anol, followed by 1g (4.6mmol) 8 in a 50 mL 
screw.cap vial fitted with a Teflon-lined mbber septum. The vial 
headspace was flushed for a few min with H2 gas via an 18.gauge 
needle piercing the septum. The cap was screwed on tightly and the 
entire assembly was charged to 40psi- H2 and placed in a hot water 
^th (8Q:iC) for 4 houre. after which the solid catalyst was removed by 
Itretion and the methanol evaporated. The final product was purified 
by reverse-phase HPLC (Vydac C-,8 prep-soale column, 6 mLymin. 
Mobile phase: H20 (a.08%TFAy ACN (0.08%TFA)). Yield 180 mg 
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(Ref. Ashikaga, K.. Bull. Chem. Soc. Jpn., v61 pp2443-2450) 

1 0. Deuterated analog of 6(10) 25mg (0.09mmol) 5 was added to a stirred 
solution of 90mg (0.4mmol) 9 in 5 mL 0.2M sodium carbonate. pH 10.5 

at 37?C. The reaction was allowed to proceed for 3 days, after which 
the solution was neutralized with dilute trifluoroacetic acid and purified 
by reverse-phase HPLC (Vydac C-1 8 prep-scale column. 6 mLVmin. 
Mobile phase: H20 (0.08%TFAy ACN (0.08%TFA))^ Yield 6 mg. 

1 1 . Deuterated analog of 7 (1 1 ) A 3mg (8.4mcmol) quantity of 4 was 
dissolved in 0.7 mL anhydrous DMF with stining. under argon 
atmosphere. 5 mcL triethylamine was added, followed by 2.4mg 
(8.9mcmol) 1 . The formation of active ester was monitored by silica 
TLC (5:1 CHCI3/CH30H, Rf 0.5, UV) by briefly drying the spotted TLC 
plate with a stream of air. After 25 minutes, the mixture was added to 
6mg (1 1 mcmol) 1 0 in 1 mL anhydrous DMF. After 2 hours, the solvent 
was removed by vacuum centrifugation and the final product was 
purified by reverse-phase HPLC (Vydac C-1 8 prep-scale column. 6 
mL/min. Mobile phase: H20 (0.08%TFA)/ ACN (0.08%TFA)). Yield 1 .8 
mg. 

12. GM1 internal standard conjugate (12) 1.8mg 11 was added to 2 mL 
1 0OmM Tris/1 OmM MgCI2. pH 7.3 buffer with stining. 1 5 units 
recombinant ?-D-galactosidase (Sigma) was added, and after 12 hours 
the mixure was purified by reverse-phase HPLC (Vydac C-1 8 prep- 
scale column. 6 mL/min. Mobile phase: H20 (0.08%TFA)/ACN 
(0.08%TFA)). Yield 1.5 mg. 

Polyether diamine linker synthesis (Second Generation) 

Synthesis is based on chemistry previously described (Kataky. R. eL al. J CHEM 
SOC PERK T 2 (2) 321-327 FEB 1990). with minor modifications and an additional two 
steps. As an example, deviations from the established procedure as well as exact details 
for the additional steps are ouUined below for the starting material diethylene glycol. 
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1.1 1-D,cyano.3,6,9.trioxaandecane (13) To a sUrred solufcn of 2% (w/v) sodium 
M-ox,de (5 .L) and die«,y,ene glycC (5.3g, SO^o., was added ac^onL 7 95" 
150n,mo„^ The mixture was sUrred a. room ,empe..ure overnight and addffioned w^ 
50 ml diohlo^methane. The organic layer was washed 2x with bnne and dried (MgS04, 

The solvent was removed by rotarv evannratinn tk. .1 > a 

. ' ^ evaporation. The oily residue was treated with 200 

proof ethanol. and the solvent was removed by i^iy evapoiation. TTiis was repeated 2x 
to remove excess unreacted acylonitrile. The product was used without further 

purification 

D'««'y"t.7.10-trioxatridecane.1,13^ioate (14) 2g(9.4mmoi) 13. was dissolved 
in 5 ml ethanol. 1g cone, sulfunc acid was added slowly. overS minutes. The reacUon 
was heated to reflux overnight. The reaction was extracted wKh 40 mL meUnylene 
chlonde, washed once with 10 mL water and 3x with 10 mL dilute brine solufon The 
organic layer was dried (MgS04) and solvent was removed to yield an oil. The final 
product was purified by silica chromatography (methylene chloride/ethyl acetate). 

tetrahvI'T'"*"'^'^'''"^"*'"'"'""™ '^'"'^ ^^'^^ ^ -"9 
etrahydrofuran as solvent (1.7g. 5.5mmol 14. 50 mL distilled (CaH2J THF 0 66g 

le^mmol lithium aluminum hydride,. Once add»fen was complete, excess LAH was 
quenched with ethanol. and the salts precipitated bydropwise addition of saturated 
sodium sulfate sr^ution unH, a white predptete fo^ed. The solvent was removed, the 
precipitate washed 6x 30 mL with THF and «,e combined organic exf^cts were 
evaporated to yield an oil. Final preduc. is purified by silica chromatogrephy (tirst wi«, 
™«iylene chlonUe then with ethyl acetate and finally with acetone,. 

was J:''';^'^'y''-'°-''°''^^ (analog using P2) (16) l.lg. (4.9mmol) 15 
was add«1 to 1.15g (14.6mmol, dis«led pyridine in 30 mL diy benzene with stim-„^ 
ollowe^ by ,.8g (14.6mmo„ thiony, chloride. The mixture was heated .0 reflux for 6 

otanicT" " ' ""-^ The 

vr V r ? '^^^ (-^^304, to 

a yeltov^sh oiL After washing and removal of so^ent, the dichloride was used 
Without further purification. 
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Additional steps 

.1.1 3-dicyano-4.7. 1 0-trioxatridecane) (1 7) To a stirred solution of 0.78g . 
(IS.Smmol) sodiunn cyanide in 4 mL dimethyl sulfoxide at 80*C was added 1g 
(3.9mmol) of 16. After 2 hours, the reaction was additioned with 10 mL of saturated 
sodium chloride solution. 5 mL of water, and 50 mL ethyl acetate. The organic layer was 
washed 3x with a brine solution as before, after which the organic layer was dried 
(Na2S04) and the solvents removed. The final product was purified by silica 
chromatography (methlyene chloride/ethyl acetate). ESI-MS: predicted. 240.1; observed. 
241.1 (M + H+)+ 

1 .15-diamino-5.8,1 1 -trioxapentadecane (18) A stirred solution of 50 mL dry 
THF containing 0.42g {10.4mmol) fresh LAH was heated to gentle reflux under argon for 
15 minutes. 0.5g (2mmol) 17 in 15 mL dry THF was added dropwise over 20 minutes, * 
maintaining a gentle reflux. The unreacted LAH was quenched with ethanol. and the 
mixture was treated with dropwise addition of saturated sodium sulfate under efficient 
stimng until a white precipitate fomied. The mixture was filtered, and the precipitate was 
washed 6x 30 mL with THF. The organic extracts were combined and the solvent was 
removed by rotary evaporation to yield an oil. ESI-MS: predicted. 248.1; observed. 249.1 
(M + H+)+ 

Oeuteratiori 

Deuterium has been incorporated into the diamine linker by reduction of 14 and 
17 using lithium aluminum deuteride (98% D) to achieve a d-8 deuterated diamine. No 
other aspects of the synthesis were changed for this procedure. These diols are used in the 
constaiction of the SFD conjugates as described later. 

Clinical Substrate Synthesis for Sanfllippo Syndrome, type B (N-?-D- 
glucosaminidase deficiency) 

13. p-Aminophenyl-?-D-N-acetylglucosamine (19) 20mg (0.07mmol) p- 
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N,taophe„y|.?.D.N.aceW„,„3a™e (Sigma) was added to 5™ 
washed palladium catelys, on activated cart»n in 3 mL n,eU,anol 
sfmng ,n a 5 mL septa-lined vial. The septum was pierced by a 1 6- 
gauge needle and the vial headspace was flused with H2 gas H2 gas 
was allowed to slowly bubble through the solution for 2 hou,. after 
Which toe catalys, was removed by fiHration over diatomaceous ear^ 
(Celrte). The solvent was removed by rotao- evaporation to yield a 
semi-solid 18mg (90%). 

14. P-Acn^am«opheny..-D4g-acety.glucosan.ne (20, 10mg (0.03mmo., 
19 was added to 15 mL methanol and 100 mcL thefhylamine with 
st,mng. The solution was chnied in an ice bath. 15mg (0.17mmol) 
Bcytoyi chloride was dissolved in 2 mL d,y methylene chloride and 
added dn:,pwise to the stirred solution over 5 minutes. The .eacUon 
was allowed to return to room temperature, followed by 2 hou,^ of 
sfmng. The solution was then treated with successive anion and 
cat«>n exchange resins (AG MP-I and AG MP-SO. respectively 
BioRad) una neutral pH was obtained with moist pH paper Soivent 
was removed by rotary evaporation to yield a solid (1 Img, 95%). 1H- 
NMR. Yield 1 1 mg. 

15^3^ioxa.1,9-nonanedinitrile (21) 2g (0.032mol) ethylene glycol was 
added to 0.5 g dry potassium hydroxide in 30 mL dry benzene 
followed by 5g (0.096mmol, acrylonitrile with stimng ovemigh, at room 
temperature. The reacBon was Altered and Ure solvent was removed by 
-otary evaporation to yield an o,1. Final product was purified by silica 
^Chromatography (chlorofomr/methanol) to yield a coloriess oil 3.2g 

16. 4 7K,ioxa-1,10-decanediamine (22) Raney nickel (Aldrich) was washed 
f^e trmes w«h anhydrous methanol by inversion and decan J«on 

50mg of the washed catalyst was placed in 20 mL anhydrous 
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methanol, followed by 1g (6mmol) 21 in a 50 mL screw-cap vial fitted 
with a Teflon-lined rubber septum. The vial headspace was evacuated 
with H2 gas via an 16-gauge needle piercing the septum. The cap was 
screwed on tightly and the entire assembly was charged to 40psi H2 
and placed in a hot water bath (SQiC) for 4 hours, after which the solid 
catalyst was removed by filtration and the methanol evaporated. The 
final product was purified by reverse-phase HPLC (Vydac C-18 prep- 
scale column. 6 mL/min. Mobile phase: H20 {0.08%TFA)/ ACN 
(0.08%TFA)). 

17. Michael addition product of 20 and 22 (23) 5mg (O.OISmmol) 20 was 
added to a stirred solution of 13mg (0.06mmol) 22 in 5 mL 0.2M 
sodium carbonate. pH 10.5 at 37?C. The reacUon was allowed to 
proceed for 3 days, after which the solution was neutralized with dilute 
trifluoroacetic acid and purified by reverse-phase HPLC (Vydac C-1 8 
prep-scale column, 6 mUmin. Mobile phase: H20 (0.08%TFA)/ ACN 
(0.08%TFA)). Yield 6 mg. 

18. SFB substrate conjugate of 4 and 23 (24) A 4mg (0.013mmol) quantity 
of 4 was dissolved in 1.5 mL anhydrous DMF with stirring, under argon 
atmosphere. 10 mcL dry triethylamine was added, followed by 4mg 

(0.01 5mmol) 1 . The formation of active ester was monitored by silica 
TLC (5:1 CHCI3/CH30H, Rf 0.5. UV) by briefly drying the spotted TLC 
plate with a stream of air. After 25 minutes, the mixture was added to 
6mg (0.012mmol) 23 in 1 mL anhydrous DMF. After 2 hours, the 
solvent was removed by vacuum centrifugation and the final product 
was purified by reverse-phase HPLC (Vydac C-1 8 prep-scale column. 
6 mL/min. Mobile phase: H20 (0.08%TFA)/ ACN (0.08%TFA)). Yield 
4.2 mg. 

1 9. 1 .9-tetradeutero-3.6-dioxa-1 ,9-nonanedinitrile (25) 0.5g (8mmol) 
ethylene glycol was added to 0.1 g dry potassium hydroxide in 20 mL 
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acetonitrile. followed by 1 Ag (24mmol) d-3 acrylonitrile with stirring 
overnight at room temperature. The reaction was filtered and the 
solvent was removed by rotary evaporation to yield an oil. Final 
product was purified by silica chromatography (chlorofonn/methanol) to 
yield a coloriess oil 0.9g (65%). 

20. 1 .9-tetradeutero-3.6Kiloxa-1 .9-nonanediamine (26) Raney nickel 
(Aldrich) was washed five times with anhydrous methanol by inversion 
and decantation. 20mg of the washed catalyst was placed in 30 mL 
anhydrous methanol, followed by 0.5g (3mmol) 25 in a 50 mL screw- 
cap vial fitted with a Teflon-lined rubber septum. The vial headspace 
was evacuated with H2 gas via an 1 8-gauge needle piercing the 
septum. The cap was screwed on tightly and the entire assembly was 
charged to 40psi H2 and placed in a hot water bath (SOlC) for 4 hours, 
after which the solid catalyst was removed by filtration and the 
methanol evaporated. The final product was purified by reverse-phase 
HPLC (Vydac C-18 prep-scale column. 6 mUmin. Mobile phase- H20 
(0.08%TFA)/ ACN (0.08%TFA)). 

21. Deuterated analog of 23 (27) 20mg (O.OZmmol) p-acryfamidophenyl a 
D-galactoside was added to a stirred solution of 90mg (0.4mmol) 26 in 
5 mL 0.2M sodium carbonate. pH 10.5 at 37?C. The reaction was 
allowed to proceed for 3 days, after which the solution was neutralized 
with dilute trifluoroacetic aqid and purified by reverse-phase HPLC 
(Vydac C-18 prep-scale column. 6 mL/min. Mobile phase- H20 
(0.08%TFA)/ ACN (0.08%TFA)). Yield 2 mg. 

22. Deuterated analog of 24 (28) A 2mg (6.3mcmol) quantity of 4 was 
dissolved in 1 .5 mL anhydrous DMF with stirring, under argon 
atmosphere. 5 mcL triethylamine was added, followed by 2.1mg 
(7.6mcmol) 1. The fomiation of active ester was monitored by silica 
TLC (5.-1 CHCiS/CHSOH. Rf 0.5. UV) by briefly drying the spotted TLC 
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plate with a stream of air. After 35 minutes, the mixture was added to 
4mg (7mcmol) 27 in 1 mL anhydrous DMF. After 2 hours, the solvent 
was removed by vacuum centrifugation and the final product was 
purified by reverse-phase HPLC (Vydac C-18 prep-scale column. 6 
mL/min. Mobile phase: H20 (0.08%TFA)/ ACN (0.08%TFA)). Yield 1 .2 
mg. 



23. SFB internal standard conjugate (29) 1 .2mg 28 was added to 2 mL 
tOOmM Tris/IOmM MgCI2. pH 7.3 buffer with stirring. 1 5 units 
recombinant ?-D-galactosidase (Sigma) was added, and after 12 hours 
the mixure was purified by reverse-phase HPLC (Vydac C-18 prep- 
scale column. 6 mL/min. Mobile phase: H20 (0.08%TFA)/ACN 

. (0.08%TFA)). Yield 0.7 mg. 

Clinical Substrate Synthesis for Sanfilippo Syndrome, type D 
(a sulfatase deficiency) 

24. p-Acrylamidophenyl-?-D-N-acetylglucosamine-6-sulfate (30) lOOmg 
(0.28mmol) 20 was added to 10 mL dry DMF under argon atmosphere 
with stining at room temperature. 89mg (0.56mmol) sulfur trioxide- 
pyridine complex was dissolved in 2 mL dry DMF and was added to 
the reaction in 0.7x, 1.1x, 1.3x and 1.9x equivalents (+700 mcL, +400 
mcL. +200 mcL, and +600 mcL). The reaction progress was monitored 
by 1H-NMR shift of the anomeric (CI) proton chemical shift from 5.29 
to 5.24 ppm by removal of 1 5 mcL of solution 1 hour after addition of 
each amount of sulfating reagent. The removed mixture was dried by 
vacuum centrifugation and redissolved in d-6 DMSO and analyzed. 
Upon the appearance of more than two fonns (starting material and C- 
6 sulfate) of the CI anomeric proton, the reaction was removed to - 
20?C and stored. The product was purified by vacuum centrifugation to 
remove solvent, followed by reverse-phase HPLC (Vydac C-18 prep- 
scale column, 6 mL/min. Mobile phase: H20 (0.08%TFA)/ ACN 
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(0.08%TFA)). Yield 72%. 

added to a s.,™d so,u«on Of 83^3 (0.35.™,, ,8 in 5 mL 0.2M 
sod,um carbonate. pH 10,5 a, 377C. The reaction was allowed to 
proceed for 3 days, after whfch the solution was neutrafeed with dilute 
tnfluonoacetic acW and purffied by reve.e-phase HPLC (Vydac C-18 
prep-scale column, 6 mLVmin. Mobile phase: H20 (0.08%TFAy ACN 

(0.08%TFA)). Yield 10 mg. 

26. SFO substrate conjugate of 4and 31 (32)A5.7mg(0.018mmol) 
quanoty of 4 was dissolved in 1 .0 mL anhydroos DMF with stimnc 

under angon atrr«»phere. 20 mcL dry triethylamine was added 
followed by 5.5mg (0.020,nn»l) 1. The fon^aBon of active este^was 

monitored by silica TLC (5:1 CHCI3/CH30H, Rf 0.5, UV, by briefly 
dO^ng «,e spotted TLC plate ^th a stream of air. After 25 minutes, the 
™dure was added to lOmg (O.OISmmol) 31 In 1 mL anhydrous DMF 
After 2 hours, the solvent was removed by vacuum centdfugation and 
Ihe final pnoduct was purifred by reverse-phase HPLC (Vydac C-1 8 
prep-scale column, 6 mUmin. Mobile phase: H20 (0.08%TFAy ACN 
(0.08%TFA)). Yield 5.4 mg. AlfAyACN 

27 ^•2.1^.15^3deutero-1.i5Kliamino-5,8,11.tdoxapentadecane (33) As 
^^e^ in aPolyether Diamine Linger Synthesis, Second Genelon 
28. Deuter^ted analog of 3, (34) 25mg (O.OTmmol) 20 was added to a 
stt-xed solution of 1 0Omg (0.4mmoO H in 5 mL 0.2M sodium 
ca*onate, pH ,0.5 at 37?C. The reacBon was allowed to proceed for 3 

'rand ^ ^ 

aod and punfied by reverse-phase HPLC (Vydac C-,8 pr^p-scale 

column, 6 mL/min. MobDe phase: H20 (0.08%TFAV ACN 
(0.08%TFA)). Yield 7 mg. 

^. SFD internal standard conjugate (35) A 4mg (12.6mcmol, quantity of 4 

d,ssoK,ed in 1 mL anhydrous DMF w«h s«m,^, under argon 
atmosphere. 20 mcL triethylamine was added, followed by 4mg 
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(14mcmol) 1 . The formation of active ester was monitored by silica 
TLC (5:1 CHCI3/CH30H, Rf 0.5. UV) by briefly drying the spotted TLC 
plate with a stream of air. After 20 minutes, the mixture was added to 
7mg (-1 1 mcmol) 34 in 1 mL anhydrous DMF. After 4 hours, the solvent 
was removed by vacuum centrifugation and the final product was 
purified by reverse-phase HPLC (Vydac C-1 8 prep-scale column. 6 
mUmin. Mobile phase: H20 (0.08%TFA)/ ACN (0.08%TFA)). Yield 2. 7 
mg. 

t 

N-(d-Biotinyl-sarcosiny|>12-aminododecanoic acid (36). Compound 4 (32.2 mg, 0.102 
mmole) was dried overnight in vacuo (with P205). Dry DMF (2 mL) was added and the 
mixture was stin-ed with warming to affect dissolution under nitrogen. Triethylamine (34 
mcL) was added followed by 1 (20.4 mcL, 0.115 mmole) added in two 10.2 mcL 
portions. 5 min apart. The mixture was stired for 1 hr at room temperature under 
nitrogen. 1 2-Aminododecanic acid (24.1 mg. 0.112 mmole. Sigma) was added in one 
portion, and the mixture was stin-ed at room temperature for 2 hr under nitrogen CHCI3 
(80 mL) was added, and the organic solution was washed with two 1 0 mL portions of 1 
M HCI. CHCI3 was removed by rotary evaporation, and residual DMF was removed by 
vacuum centrifugation. The compound was dissolved in methanol and purified by HPLC 
(Vydac 218TP prep column). Solvent program is: 0-10 min, water with 0.06% TFA; 10- 
55 min, 0-100% methanol with 0.06% TFA, flow rate is 6 mL/min. Yield 31.7 mg. 1H- 
NMR. ESI-MS, calculated 513.4, observed 513.4 (M + H)+ 

N-hydroxysuccinimidyl ester of 36 (37). Compound 36 (9.8 mg. 19 mcmole) is dissolved 
in 100 mcL of dry DMF under nitrogen. N-hydroxysuccinimide (2.2 mg. 1 9 mcmole) 
was added followed by dicyclohexylcartDodiimide (3.9 mg. 19 mcmole). The mixture 
was stin-ed at room temperature for 60 h in the datk. Solvent was removed by vacuum 
centrifugation, and the residue was submitted to flash chromatography on silica gel using 
a gradient of CHCI3/CH30H (15/1) to CHCI3/CH30H (12/1). Yield 9.8 mg. 1H-NMR. 
ESI-MS, calculated 610.8, observed 609.7 (M + H)+ 

N-(N-(d-Biotinyl-sarcosinyl)-12-aminododecanoyl)-pyschosine (38). Compound 37 (6.2 
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moLofdo-DMFundernl.™gen.Dii.oproy,e.hy,a.|„e(5 ™cL) was added and J 
^^u,. was stirred under n«rogen for 2 days in U,e dad<. The ...pound was injeL 
d,re«,y onto the HPLC column (Vydac 218TP semi^rep,, and U,e column was 
developed a. 2 mUmin wi* 0-20 min. water wift 0.06% TFA. then 20-80 min 0-100% 
methanol with 0.06% TFA. Yield 3.8 mg 1H-NMR F<!i u<= , , . . 
956.8 (M * H)* . • ^^-^^ 

NN-(d-Bi*s.-sar.osiny.h12-aminododecanoyiH^^ 

S hingosytphospho^choline (4.0 mg. Sigma, was mixed with 1 mL Z DMF and 
soh,en. was removed by vacuum centritugason. This was repeated two more times The 

a^ned rescue weighed 2.5 mg (5.4 mcmoie,. To this residue was added 3 3^ I 
37 (5.4 mcmoie , 1 50 md. of dry DMF and 5 s „. . "''■^"^ ot 

' ™'^'^™2.5 moLofdcisoproy^ethylamine The 

mixture was sUtred undernitrogen in the dartc fnr 1 H=v. TK 
J. ^ ""^ 3 days. The compound was iniected 

directly onto the HPLC column (Vvdac7iftTP„ ■ > "s'njecteo 
^ , , ' '"^'^^^^TPsemi-prep), and the column was 

developed at 2 mL^min with 0-20 min, water with 0.06% TFA. then 20-60 min 0-100y 
methanol with 0.06% TFA Yield 3 fimn ,u "oumm.uiooA 
958.7 (M . HH "'"""^^SCS. Observed 



^rd 1, TsT ""^ '•'"■•-'"^.^■IC^oxa.ridecane (40). Compound 2 was 

To!^ , ' "'"'"^ ""^^ (^^^ -*P-P) using 0- 

100% methanol with 0.06% TFA over 30 min at 1.5 mUmin. 

The p^duc was purified on HPLC as for 40. The structure was »nfim,ed by ESI-MS. 

omtdlr'r,""- '"'^ """"""^ ^^^-^ - -^^"^^ ^0 -ing 9 instead 
of1.13-diamino-4,7,l0-trioxatridecane. 
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Octadeuterated 42 (43). The title compound was prepared from 42 as for 41. The 
structure was confirmed by E SI-MS. 
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Exemplary MS" Techniques and Instrumentation 

An automated LC^S/MS .ystem for the identificato of plains by .heir amino acid 
sequence has been developed. A schematic representaUon is shown in Fig. 7 The system 
whrch consists of an autosample, a capillary HPLC system connected on-line to an ESI triple 
quadn^pole MS/MS instrument and a data system . operated in the foilowin^ way: Js 
( W separated by 1 D or 2D electrophoresis) are cleaved with a specfic protease 
usualiyto'psm. the resulting deavage fragments are placed in an autosarapler Every 3r 
minutes the autosampler injects one sample into the HPLC system and the peptides are 
separated by capillar reverse-phase chmmatography. As separated pepUdes elute ftom the 
chromatography column, they are ionized by the ESI pnxess, enter the MS and the mass to 

iTslT T!J' '"^^ ^ P^^-e'ennlned 

■n^ens^ threshold ,s automa«cally selected by the instrument and collided in the colfeton eel, 

n '^"^ fragmentation, primarily at the bonds of the 

peptide bacKbone (collision induced dissociation. CID). ne masses of the CID fragments 
ana measured and recorded in me data system. The CID spectntm of a peptide contains 
suffiaent rnformaUon to identify the protein by searching sequence databases with the 
uninterpreted MS/MS spectra. This is accomplished with the Sequent program The 
prog^m identifies each peptide in a sequence database which has the same mass as the 
peptide that was selected in the MS for CID and predicts the MS/MS speCnim for each one 
Of the isobanc pepfldes. By matching the experimentally detemiined CID spectn^m with 
computer genei^ted theoretical CD spect^. the p^tein ftam which «,e obsewed pepUde 
orsmated is identified. The system is capable of analy^g p,.,ein samples in a fu,y 
automated fashion a, a pace of less than 40 min. persample. Since each peptide represents 
an independent protein identiflcation and usually multiple peptides are derived from one 
P^tein, protein identificaUon by this method is redundant and tolerant to proteins co- 
mig^ting in a gel. The system is well suited for the detection and characterization of 
modified residues wfthin polypeptide chains. The LC-MS/MS te*nique and automated 
analysis of the generated CID specti:a can be used for the methods of this invention. 

above, except that peptide separation and ionization are perfonned a, signiticantiy higher 
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sensitivity. Fig.8 shows a schematic representation of the key design elements. The design 
of the system and its mode of operation have been published. Peptides derived from protein 
digests are concentrated by SPE. separated by CE and analyzed by ESI-MS/MS. The 
resulting uninterpreted CID spectra are used to search sequence databases with the 
Sequest software system. The SPE extraction device is a small- reversed-phase 
chromatography column of the dimensions 0.18 x 1 mm which is directly packed in a fused 
silica separation capillary. Peptides contained in a sample solution are adsorbed and 
concentrated on the SPE device, eluted in an estimated 100 - 300 nl of organic solvent and 
further concentrated by electrophoretic stacking and/or isotachophoresis to an estimated 
volume of 5-30 nl. The peptides are then separated by CE in a 20 pm or 50 pm i.d. capillary 
and directly ionized by ESI as they leave the capillary (see reference 13 for design of the 
microspray ionization source). With this system, peptide masses can be detennined at a 
sensitivity of 660 attomoies (approx. 500 fg for a 20 residue peptide) at a concentration limit 
of 33 amol/pl and that proteins can be identified by the CID spectra of automatically selected 
peptides at less than 1 0 fmol (0.5 ng for a protein of 50 kDa) of sample at a concentration 
limit of less than 300 amol/pl. this technique is used for the analysis at very high sensitivity 
of the peptide samples generated by the experiments. It has also been demonstrated that 
the analysis time available for automated CID experiments can be significantly extended by 
data-dependent modulation of the CE voltage. If several peptide ions are detected 
coincidentally in the MS. the CE voltage is automatically dropped. This results in a reduction 
of the electroosmotic flow out of the capillary and therefore in an extension of the time period 
available for selecting peptide ions for CID. The net effect of this peak parking technique is 
an extension of the dynamic range of the technique because the increased time available is 
used for CID of ions with a low ion current Once all the peptide ions are analyzed, 
electrophoresis is automatically reaccelerated by increasing the CE voltage to the original 



value. 
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wrknown aS^^^^ (after mixing 

heavy biotinylating reagenf) ^ '^^^ isotopically 



Peptid I m/z j Charg 
e # I (light) e state 



954.2 



Peptide Sequence 

(K) IWCK 
(K) ALCSEK 
(K) CEVFR 
(K) LDQWLCEK 
(K) FLDDDLTDDIMCVK 
(K) DDQNPHSSNICNISCDK 



Ratio 
(he avy:iig ht) 

2.70 



(K) GYGGVSLPEWVCTTFHTSGYDT 

QAIVQNNDSTEYGLFQINNK 

Isotope ratio was not analyzed because on a 4" Deotide th^ i.;ntnno nL^ ' 

h«h,y oveHapping due ,o differences c, only I t^^^t Sy'^an^dlgh. bTs" 
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TABLE 2. Sequence identification and quantitation of the components of a protein 
mixture in a single analysis. 



Gene Name* Peptide sequence identified 



LCA BOVIN 



OVAL CHICK 



BGAL ECOLI 



Observed iVlean+SD 

ratio 
(d0/d8)' 



ALC#SEK 
C#EVFR 

FLDDLTDDIMC#VK 

ADHPFLFC#IK 
YPILPEYLQC#VK 



0.94 
1.03 
0.92 

1.88 
1.96 



0.96±0,06 




1 .92+0.06 



LTAAC#FDR 

IGLNC#QLAQVAER 

IIFDGVNSAFHLWC#NGR 



1.00 
0.91 
1.04 



0.98±0.07 



Expected 

ratio 
(dO/dSr 

1.00 



2.00 



1.00 



% 
error 



4.2 



2.0 



LACB BOVIN 



WENGEC#AQK 
LSFNPTOLEEQC#HI 



3.64 
3.45 



3.55±0.13 



4.00 



11.3 



G3P RABIT 



VPTPNVSWDLTC#R 
IVSNASC#TTNC#LAPLAK 



0.54 
0.57 



0.56±0.02 



0.50 



12.0 



PHS2 RABIT 



IC#GGWQMEEADDWLR 

TC#AYTNHTVLPEALER 

WLVLC#NPGLAEIIAER 



0.32 
0.35 
0.30 



0.32+0.03 



0.33 



3.1 



* Gene names are according to Swiss Prot nomenclature (www.expasv.chV 

* Ratios were calculated for each peptide as shown In Ftg. 3. 

" Expected ratios were calculated from the known amounts of proteins present in each mixture. 

* ICAT-labeied cysteinyl residue. 



60 



PCT/US99/19415 



TABtE 3. ^ ^„ ^ „„ ^ ^ ^ ^ 

PepMe sequence lde„«fa, C*sen,ed Galaaose- Glucose- 



name* 



ACH1 KHNC#LHEPHML K 

ADH1 YSGVC#HTDLHAWHGDWPLPVK 
C#C#SDVFNQWK 



ratio* 
(Elh:Gal) 



'repressed^ repressed^ 




ADH2 VSGVC#HTDLHAWHGDWPLPTK 
C#SSDVFNHVVK 



0.57 : 1 
0.48 : 1 



TFEVINPSTEEEIC#H»YEGR 
SEHQVELIC#SYR 



GAL1 



ALD4 
BMH1 

CDC19 YRPNC#PIILVTR 

NCSTPKPTSITETVAASAVAAVFEOK 
ACSDDK 

SIAPAYGIPWLHSDHC#AK 
EQVGC#K 

LTGAGWGGC#TVHL\/PG GPNGNIFK- 

GAL10 HHIPFYEVDLC#DR 
DCffVTLK 

GCY1 LWC#TQHHEPEVAL DQSLK 

IC#SVNLHGDHTFSME QMK 
IC#SQLK 

GGTQC#SIM R 

NC#FPHHGYIHNYGAFPQTWEDPNVS- 

VC#HAHPTL SEAFK 
KGWTGQYTLD C#NTR 
SWLC#NST 1K 

C#TGGIILTASHNPGGPENDMGIK 
LSIC#GEESFGTGSNHVR 




0.49 


: 1 


0.65. 


: 1 


0.67 : 


1 



0.60 : 1 
0.63 : 1 

1 : >200 



1 : >200 
1 ; >20G 



GLK1 
GPD1 
ICL1 
IPP1 



PGM2 



PCK1 



0.58 : 1 
0.62 : 1 



QCR6 
RPL1A^ 
SAH1 



C#PLK 

IPC#LADSHPK 

CtflNLSAEKEPEiFDAfK 
C#AYPIDYIPSAK 

fVEEPTSKDElWWG PVNKPC#SFR 
ALVHHYEEC#AER 

SC#GVDAMS VDDLKK 

HPEMLEDC#FGLSEEnTGVHHLYR 
EC#INIKPQVDR 



1.59 

1.47 

1.52 

1.41 

1.85 



1 
1 
1 
1 
1 




1.30: 1 

0.82 : 1 

0.62 : 1 
0.74 : 1 







V 
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S0D1 GFHIHEFGDATNGC#VSAG PHFNPFK 

TEF1 RGNVC#GDAK 
C#GGIDK 

FVPSKPMC#VEAFSEYPPLGR 



0,46 : 1 

0.81 : 1 
0.70 : 1 
0.74 : 1 




# Cysteinyl residue is ICAT-labeled. 

* Protein expression ratios were calculated as described in Fig. 3. 

J Carbon source for yeast growth was 2% ethanol (Eth) or 2% galactose (GALO 

Gene Is known to be galactose- or glucose-repressed (19). 
^ Eight other ribosomal proteins were detected at similar gene expression levels 
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TABLE -4 



Disease 




Butyrylcholinesterase deficiency 

Essential fructosuria hepatic 
fructokinase deficiency 



Hereditary fructose intolerance 

Hereditary fructose 1 ,6- 
diphosphatase deficiency 

Erythrocyte aldolase deficiency 
with nonspherocytic hemolytic 
anemia (aldolase A deficiency) 

Glycogen storage disease type 
la (von Gierke disease) 



Glycogen storage disease type 

lb 



Glycogen storage disease type 

III 



Glycogen storage disease type 

IV (Anders en disease) 

Glycogen storage disease type 

V (McArdle disease) 



Glycogen storage disease X- 
linked phosphoryiase kinase 
deficiency 

Glycogen storage disease 
autosomal phosphoryiase 
kinase de ficiency 

Glycogen storage disease liver 
phosphoryiase de ficiency 

Glycogen storage disease type 
VII (Tarui disease) 



BCHE 



Fructokinase 



Liver glycogen synthase 
deficiency 



Fructose 1,6- 
bis phosphate a ldolase B 

Fructose 1 ,6- 
bisphosphatase 

Fructose 1 .6- 
bisphosphate aldolase A 



Glucose 6-phosphatase 



Glucose 6-phosphate 
translocase 



Amylo-1, 6-glucosidase 
(debranch er enzyme) 

4 glucan-6-a- 
glucosyltrans ferase 

Muscle glycogen 
phosphoryiase 

Phosphoryiase /)-kinase 



Decreased or absent 
enzyme activity 

Deficient enzyme activity 



Deficient enzyme activity 
Deficient enzyme activity 
Deficient enzyme activity 



Absent or deficient 
enzyme activity 



Deficient transport of 
glucose 6-phosphate 
across the membrane of 
endoplasmic reticulum 



Absent or deficient 
enzyme a ctivity 

Deficient enzyme activity 



Absent or deficient 
en zyme 

Deficient or absent 
enzyme activity function 



Phosphoryiase Z>-kinase Deficient enzyme activity 
Uver phosphoryiase Deficient enzyme activity 



Muscle 
phosphofruct okinase 1 

Uver glycogen synthase 



Deficient enzyme activity 



Unknown 
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TABLE .4 




Phosphoglycerate kinase 
deficiency 

Phosphoglycerate mutase 
deficiency 

Muscle lactate dehydrogenase 
deficiency 



Glucose phosphate isonnerase 
deficiency 



Transferase deficiency 
galactosemia 

Galactokinase deficiency 
galactosemia 

Epimerase defidency 
galactosemia 



Phenylketonuria (PKU) due to 



Phosphoglycerate kinase 



Phosphoglycerate 
mutase 

Muscle-specific subunit of 
lactate dehydrogenase 
(LDH) 

Glucose phosphate 
isomerase 

Galactose 1 -phosphate 
uridyltransferase 

Galactokinase 



Uridine diphosphate 
galactose-4-epimerase 



Phenylalanine 



Deficient enzyme 

Deficient enzyme 

Absence of M subunit of 
LDH. Musde LDH Is a 
tetramer of the heart- 
specific subunit 

Unknown 

Defident enzyme activity 

Deficient enzyme activity 

Defident enzyme action 

in blood cells only 
(benign) or, more rarely, 
in all tissues (generalized) 

Deficient or absent PAH 



J Hyperphenylalaninemia due to 
J DHPR-deficiency 


Dihydropteridine 
1 reductase (DHPR) 


Deficient or absent DHPR 
activity 


Hyperphenylalaninemia due to 
GTP-CH-deficiency 


Guanosine triphosphate 
cydohydrolase (GTP-CH) 


Defident enzyme activity 


Hyperphenylalaninemia due to 
1 6-PTS-deficiency 


6-Pyruvoyl \ 
tetrahydropterin synthase 
(6-PTS) 


i Defident enzyme activity 


Oculocutaneous tyrosinemia 
(tyrosinemia type 11; tyrosine 
I amino-transferase defidency) 


Tyrosine 
aminotransferase 

1 ' 1 


Decreased activity 


4-Hydroxyphenylpyruvic acid 
dioxygenase (tyrosinemia type 

III) 


4-Hydroxy-phenylpyruvic 
add dioxygenase 


Decreased activity 


Maleylacetoacetate isomerase 
deficiency (tyrosinemia type lb) ! 
(tentative) 


Maleylacetonacetate 
isomerase 


Presumably decreased 
enzyme activity 
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Hepatorenal tyrosinemia 
(tyrosinemia type I: 
fumarylacetoacetate hydrolase 
deficiency) 



Carbamyl phosphate synthetase 
deficiency 



Ornithine transcarbamylase 
deficiency 

Argininosuccinic acid 
synthetase de ficiency 

Argininosuccina se deficiency 
Arginase deficiency 



Fannilial hyperlysinemia (variant: 
saccharo pinuria) 

Maple syrup urine disease 
(MSUD) or branched chain 
ketoaddemia 



Fumarylacetoacetate 
hydroxylase 



Cystathionine P-synthase 
defidency 

g-Cystathionase d eficiency 

Hepatic methionine 
adenosyltransferase deficiency 



Sarcosinemia 



Nonketotic hyperglyd nemia 
Hyperuracil thyminuria 

Dihydropyrimid inuria 

Pyridoxine dependency with 
seizures 



Carbamyl phosphate 
synthetase I 

Ornithine 
transcarbamylase 



Deficient enzyme activity 



Absent or deficient 
enzyme ac tivity 

Absent or reduced 
enzyme activity 



Argininosucdnic add 
synthe tase 

Argininosucd nate lyase 
Liver arginase 

a-Aminoadipic 
semialdehyde sy nthase 

Branched-chain a-keto 
add dehydrogenase 



Defident enzyme activity 



Defident enz yme activity 
Defident en zyme activity 
Deficient enzyme activity 



Defident or absent (<2%) 
BCKAD complex activity 

in mitochondria; 
immunologic absence or 
reduced levels of enzyme 
subunits; impairment of 
E1 subunit assembly . 

Cystathionine p-synthase I Defident enzyme activity 

g-Cystathionase . Defident enzyme activity 

Isoenzyme of methionine Defident enzyme activity 
adenosyltransferase 

Defident enzyme activity 



Sarcosine 
dehydrogenase? 

Glydne cleavage system | Defid ent enzyme activih/^ 

Dihydropyrimidine 
dehydrogenase 

Dihydropyrimidinase 



Deficient enzyme activity 



Unknown 



Brain glutamic add 
decarboxylase-l 



Deficient coenzyme 
binding? (brain) 
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GABA aminotransferase 
deficiency 



4-Hydroxybutyric aciduria 



Serum camosinase deficiency 
and homocamosinosis 

Alkaptonuria 



Isovaleric acidemia 



Isolated 3-methylcrotonyl-CoA 
carboxylase defidency 

3-Methylglutaconic aciduria 
Mild form; 

3-Hydroxy"3-methylglutaryl-CoA 
lyase deficiency 

Mevalonic aciduria 

Mitochondrial acetoacetyl-CoA 
thiolase deficiency 



GABA-a-ketoglutarate 
transaminase 

Succinic semialdehyde 
dehydrogenase 

Serum camosinase 



Homogentisic acid 
oxidase 

Isovaleryl-CoA 
dehydrogenase 

3-Methylcrotonyl-CoA 
carboxylase 

3-Methylglutaconyl-CoA 
hydra tase 

3-Hydroxy-3- 
methylglutaryl-CoA lyase 

Mevalonate kinase 

Mitochondrial 
acetoacetyl-CoA thiolase 
(T2) 



Deficient enzyme activity 

Defident enzyme activity 

Defident enzyme 

Absent or deficient 
enzyme activity 

Deficient enzyme activity, 
defident protein, 
abnomnal peptide size 

Deficient enzyme activity 
Defident enzyme activity 
Defident enzyme activity 

Deficient enzyme activity 

Defident enzyme activity, 
decreased protein, 
unstable protein 



Propionic addemia (2 nonallelic 
forms designated pccA and 
pccBC) 



Propionyl-CoA 
carboxylase (PCC) 



Defident enzyme activity 
(nonallelic forms reflect 
mutations in nonidentical 



Methylmalonic addemia (2 
allelic variants designated mat'' 
and muT 


Methyldmalonyl-CoA 
mutase (MUT) 
apoenzyme 


Absent MUT activity in 
maf% defident MUT 
activity due to reduced 

affinity for cofactor 
(adenosyicobalamin) in 
1 muf 


Glutaric acidemia type 1 


Glutaryl-CoA 
dehydrogenase 


Defident enzyme activity 



Cytochrome oxidase deficiency 



Cytochrome oxidase 
polypeptides 



Decreased activity of the 
cytochrome oxidase 
complex 
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Pyruvate dehydrogenase 

complex deficiency-E, 
decarboxylase component 



Pyruvate dehydrogenease E, 
transacyfase 

Combined a-ketoacid 

dehydrogenase 
deficiency/lipoamide 
dehydrogenase deficiency 



Pyruvate decarboxylase 

Dihydrolipoamide 
transacylase 

Lipoamide 
dehydrogenase 



Pyruvate carboxylase deficiency Pyruvate carboxylase 



Carnitine palmitoyi transferase I 
(CPT I) deficiency 

Camitine/acylcamitine 
translocase defi ciency 

Carnitine palmitoyi transferase II 
(CPT II) deficiency 

Very long-chain acyl-CoA 
dehydrogenase (VLCAD) 
deficiency 

Long-chain acyl-CoA 
dehydrogenase ( LCAD) 

Long-chain L-3-hydroxyacyl- 
CoA dehydrogenase (LCHAD) 
deficiency 

Trifunctional enzyme (TFE) 
deficiency 



Dienolyl-Co reductase 
^^deficiency 



Medium-chain acyl-CoA 
dehydrogenase (MCAD 
deficiency 

Short-chain acyl-CoA 
dehydrogenase (SCAD) 
deficiency 



Carnitine palmitoyi 
trans ferase [ 

Carnitine/ acylcarnitine 
tran slocase 

Carnitine palmitoyi 
trans ferase II 

Very long-chain acyl-CoA 
dehydrogenase 

Long-chain acyl-CoA 
dehydrog enase 

L-3-hydroxyacyl-CoA 
dehydrogenase 

Trifunctional en2yme 

2.4-dienoyl-CoA 
reductase 



Medium-chain acyl-CoA 
dehydrogenase 

Short-chain acyl-CoA 
dehydrogenase 



Decreased enzyme 
activity, decreased 
protein 

Decreased enzyme 
activity; abnormal protein 
electrophoretic m obility 

Decreased enzyme 
activity 



Absent enzyme activity; 7 
cases absent enzyme. 
protein, and m RNA ' 

Deficient enzyme 
Deficient translocase 
Defident enzyme 
Defident enzyme 



Deficient enzyme 
Deficient enzyme 



Deficient enzyme 
Deficient enzyme 



Defident enzyme 



Deficient enzyme 
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Disease 



Enzyme 



Dysfunction 



Glutaric acidemia type II 



Glycerol kinase deficiency (Gkd) 



Electron transfer 
flavoprotein (ETF); 
ETFrubiquinone 
oxidoreductase 

Glycerol kinase 



In some cases, no 
enzyme antigen; in 
others, no enzyme 
activity 

The microdeletion 
involves not only GK but 
also the other deleted 
loci: AHC, DMD, OTC, 
and other linked lod 



Primary gout: superactive 
variant of 

phosphoribosylpyrophosphate 
(PP-ribose-P) sy nthetase 

Primary gout: partial deficiency 
of hypoxanthine guanine 
phosphoribosyltransferase 
(HPRT) 

Lesch-Nyhan syndrome: 
deficiency of hypoxanthine 
guanine 

phosphoribosyltransferase 
(HPRT) 

2.8-Dihydroxyadenine lithiasis 
(adenine 
phosphoribosyltransferase 
deficiency) 



PP-ribose-P synthetase 



Enhanced enzyme 
activity 



Hypoxanthine guanine 
phosphoribosyl 
transferase (HPRT) 

Hypoxanthine guanine 
phosphoribosyltrans- 
ferase (HPRT) 



Absent or deficient 
enzyme activity 



Absent or defident 
enzyme activity 



Adenine I Type I: absent enzyme 

phosphoribosyltransferas activity; type II: reducted 
e I affinity for PP-ribose-P 



Adenosine deaminase 
deficiency with severe combined 
immunodeficiency disease 

Purine nucleoside 
phosphorylase deficiency with 
cellular imm unodeficiency 

Myoadenylate deaminase 
deficiency 

Xanthinuria 



Adenosine deaminase 



Purine nucleoside 
phosphorylase 

Myoadenylate deaminase 
(AMPDI) 

Xanthine dehydrogenase 
(xanthine oxidase) 



Absent or greatly 
diminished enzyme 
activity 

Absent or greatly 
diminished enzyme 
activity 

No enzyme activity; on 
immunoreactive protein 

Type I: absent xanthine 
dehydrogenase activity; 
type II: absent xanthine 

dehydrogenase and 
aldehyde oxidase activity 
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Hereditary orotic aciduria 



Pyrimidine 5'-nucleotidase 
deficiency 



UMP synthase 

Pyrimidine 5- 
nudeotidase 



Dihydropyrimidine 
dehydrogenase deficiency 



Dihydropyrimidine 
dehydrogenase 



Dihydropryimidase deficiency Dihydropyrimidase 



Familial lipoprotein lipase 
deficiency 



Lipoprotein lipase 



Familial lecithin: chioesterol 
acyltransferase d eficiency 

5-Aminolevulinic acid 
dehydratase porphyria 

Acute intemiittent porphyria 



Congenital erythropoietic 
porph yria 

Porphyria cutanea tarda (familial 

form) 

Hepatoerythropoiefic porphyria 



Lecithin:cholesterol 
acyltrans ferase 

6-Aminolevulinic acid 
dehydratase 

Porphobilinogen 
deaminase 

Uroporphyrinogen III 
cosynthase 



Hereditary coproporphyria 



Variegate porphyria 
Erythropoietic protophorphyria 
Crigler-Najjar syndrome, type i 



Uroporphyrinogen 
decarb oxylase 

Uropoiphyrinogen 
deca rboxylase 

Coproporphyrinogen 
oxidase 

Protoporphyrinogen 
oxidase 

Ferrochelatase 



Dysfunction 



Bilirubin UDP- 
glucuronosyltransfe rase 
CrigJer-Naiiar syndrome, type II 7^ Bilirubin UDP- 

glucuronosyltransferase. 



Deficient enzyme activity 
(unstable pro tein) 

Absent or unstable 
enzyme 



Absent or unstable 
enzyme 

Absent or unstable 
enzym e 

Nonfunctional protein in 
some, nondectable 
enzyme activity and 
protein in oth ers 

Absent enzyme protein or 
deficient enzy me activity 

Minimal enzyme activity 

Decreased enzyme 
activity (-5 0%) 

Minimal enzyme activity 

Decreased enzyme 
activity (-5 0%) 

Minimal enzyme activity 

Decreased enzyme 
activity (-50%) 



Decreased enzyme 
activity (-50 %) 

Decrease enzyme activity 
(-50%) 



Absent enzyme activity 

Markedly reduced 
enzyme activity 
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Gilbert syndrome 



Refsum disease 



Primary hyperoxaluria type I 



Primary hyperoxaluria type 2 

gangliosidosis: 
hexosaminadase a-subunit 
deficiency (variant B, Tay-Sachs 
disease) 



Bilirubin UDP- 
giucuronosyltransferase 
activity 

Phytanic acid a- 
hydroxylase 

Alanine-glyoxylate 
aminotransferase 



Glyoxylate reductase/D- 
glycerate dehydrogenase 

P-hexosaminidase 



Reduced enzyme activity 



Deficient enzyme activity 

Loss of enzyme catalytic 
activity and aberrant 
subcellular distribution 

Loss of enzyme catalytic 
activity 

Absent or defective 
hexosamininidase A (aP) 
activity 



Glycogen storage disease type 

II 



a-glucosidase 



Absent or deficient 
enzyme activity 



Mucopolysaccharidosis I 
(Hurier, Scheie, and Hurier- 
Sheie syndromes. MPS, MPS 
IS, MPS tH/S) 

Mucopolysaccharidosis II 
(Hunter syndrome) 

Mucopolysaccharidosis III 
(Saniflippo syndrome) types A, 
B. C and D 



a-L-iduronidase 



Absent enzyme activity 



Mucopolysaccharidosis IV 
(Morquio syndrome) types A 
and B 

Mucopolysaccharidosis VI 
(Maroteaux-Lamy syndrome) 

Mucopolysaccharidosis VII (Sly 
syndrome) 



Iduronate sulfatase 

IIIA: Heparan A/-sulfatase 
IIIB: a-A/-acetyl- 
glucosaminidase 
IMC: Acetyl-CoA: a- 

glucosaminide 
acetyltransferase 
HID: A/-acetyl- 
glucosamine-6-sulfatase 

IVA: Galactose 6- 
sulfatase 
IVB: P-Galactosidase 

A/-acetyl-galactosamine 
4-sulfatase 

P-glucuronidase 



Absent enzyme activity 



Absent enzyme activity 



Absent enzyme activity 



Absent enzyme activity 



Absent enzyme activity 
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l-cell disease (MHI) 



Schindler disease (a-A/-acetyl- 
galactosaminida se deficiency) 

a-Mannosidosis 

P-Mannosidosis 

Sialidosis 

Aspa rtylglucosa minuria 

Fucosidosis 

Wolman disease and cholesteryl 
ester stor age disease 

Ceramidase deficiency (Farber 
lipogranulomatosis) 



Niemann-Pick disease (NPD) 
types A and B (primary 
sphingomye lin storage) 

Gaucher disease type I 
(nonneuronopathic) 



Globoid-cell leukodystrophy 
(Krabbe disease) 



Metachromatic leuk odystrophy 
Fabry disease 



gangliosidosis 

gangliosidosis: 
hexosaminidase a-subunit 
deficiency (variant B, Tay-Sachs 
disease) 

Steroid 21 -hydroxylase 
deficiency salt-losino fonn 



N-acetylgiucosaminyl-|. 
phosphotransferase 



a-A/-acetyl- 
galactosam inidase 

a-D-mannosidase 



P-D-mannosidase 
g-neuram inidase 

Asp artyglucosam inidase 
a-L-fucosidase 
Add lipase 

Ceramidase 

Sphingomyelinase 



Phosphorylation of many 
lysosomal enzymes 



Deficient activity of a-N- 
acetylgalactosamin idase 

Deficient or unstable 
enzyme activ ity 

Deficient enzy me activity 

Deficient en zyme activity 

Deficient en zyme activity 

Deficient enzy me activity 

Deficient enzyme activity 

Deficient enzyme activity 

Deficient 
sphingomyelinase activity 



Glucoceretjrosidase 



Decreased catalytic 
activity and some 
instability of enzyme 
protein 



Galactosylceramidase Absent enzyme activity 



Arylsulfat ase A 
a-Galactosidase A 

Acid P-galactosidase 
(GLBI) 



3-hexosaminidase 



Steroid 21 -hydroxylase 



Deficient enzyme activity 

Nonfunctional or unstable 
enzyme pr otein 

Deficient enzyme activity 



Absent or defective 
hexosaminidase A (ap) 
activity 

Absent or truncated 
enzyme with no activity 
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Steroid 5a-reductase 2 
deficiency 

Steroid sulfatase deficiency (X- 
linked ichthyosis) 



Methylenetetrahydrofolate 
reductase deficiency 



Holocarboxylase synthetase 
deficiency 

Biotinidase deficiency 



Hereditary methemoglobinemia 

secondary to cytochrome bj 
reductase deficiency, types I JI, 

and III 



Pyruvate kinase deficiency 
hemolytic anemia 

Hexokinase deficiency 
hemolytic anemia 

Glucosephosphate isomerase 
deficiency hem olytic anemia 

Aldolase deficiency hemolytic 
anemia 

Triosephosphate isomerase 
deficiency hemolytic anemia 

Phosphogiycerate kinase 
deficiency he molytic anemia 

2,3-Diphospho-glyceromutase 
and phosphatase deficiency 



Steroid 5a-reductase 2 



33-hydroxysteroid 
sulfatase 



Methylenetetrahydro- 
folate reductase 



Holocarboxylase 
synthetase 

Biotinidase 



Cytochrome b^ reductase 



Pyruvate kinase 



Hexokinase 

Glucosephosphate 
isomerase 

Aldolase (A type) 

Triosephosphate 
isomerase 

Phosphogiycerate kinase 

2,3-Diphospho-glycerate- 
mutase and phosphatase 
(1 protein) 



Absent or unstable 
enzyme activity 

Absent immunoreactive 
and enzymatically active 
protein {both deletion and 
nondeletion patients) 

Absent or deficient 
enzyme activity. 
Thermolabiie variants 
have been described. 

Deficient holocarboxylase 
synthetase activity 

Deficient biotinidase 
activity 

Deficient enzyme activity 
in erythrocyte cytosol only 
(type I), in all tissues 
(type II), and in all 
hematopoetic cells (type 

III) 



Deficient enzyme activity 



Deficient enzyme activity 



Deficient enzyme activity 



Deficient enzyme activity 



Enzyme activity deficient 
in all tissues 

Deficient enzyme activity 
in hemizygotes 



Deficient enzyme activity 



6-Phosphogluconate 
dehydrogenase deficiency 



6-Phosphogluconate 
dehydrogenase 



Enzyme activity 
deficiency 



71 



PCT/US99/19415 



TABLE .4 




Glutathione peroxidase 
deficiency 

Glutathione reductase 
defidency 

Glutathione synthetase 
deficiency hemol ytic anemia 

V-Glutamylcysteine synthetase 
deficiency hemolytic anemia 



Adenosine deaminase 
hyperactivity hemolytic anemia 



Pyrimidine nucleotidase 
defidency hemolyt ic anemia 

Myeloperoxidase defidency 

Carbonic anhydrase 11 
defidency syndrome 
(osteopetrosis with renal tubular 
addosis) 

Albinism, oculocutaneous 
tyrosinase-negative type 
(OCAIA) 

Canavan disease 



Glutathione peroxidase 



Diminished enzyme 
activity 



Glutathione reductase Defident enzyme activity 
Glutathione synthetase Defident enzyme activity 



Y-Glutamylcysteine 
synthetase 



Adenosine deaminase 



Defident enzyme activity 

Overproduction of 
structurally normal 
enzyme protein mediated 
at mRNA translation level 



Pyrimidine nucleotidase Defident enzyme activity 



Myeloperoxidase 



Carbonic anhydrase II 



Tyrosinase 



Aspartoacylase 



Absent or defident 
enzyme activity 



Quantitative deficiency of 
cartxjnic anhydrase II 



Absent, reduced, or 
unusual enzyme activity 

Deficient enzyme activity 
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IZa^s for°S?eT^^s°' '-^'^''^■<^-^^-^--' P^o6ucts, and internal 



m/2 



Enzyme 



Type la,b 

Manose- 
transferase 



Type II 
Type 



Substrate 



Product 



(M + H)* 
711 
725 



(M + Na)* (M + H)' 
733 549 



1156 
1126 



747 



1178 



563 



1343 



{M + Nay 
571 
585 

1365 



Internal 
standard 

(M + Hy 

555 

570 



(M + Naf 
577 
592 



1348 1370 

1148 2362* 2384° 2367' 2389» 

' Calculated for the GlcNAc-T II product and internal standard containin a GlcNAc-GlcNAc-Mannose- 
(Mannose^lcNAc): residue. 
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UNKER (heavy has 8 deuteriums) 



FUNCTIONAL GROUP 



Sample protein mixture 



Reference Protein mixture 



Derivatize cysteines 
with light isotope reagent 




Derivatize cysteines 
with heavy isotope reagent 



▼ 

Enzymatically cleave protein 
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Scheme 2 

Custom chemical synthesis of siilfhydiyl-reactive biotinylating reagent. Linker can be 
made either isbtopically heavy (d8) or light(dO). 





O 
2 




O O 




7 
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Scheme 3 
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Scheme 4 



Linker 
Handle>'w>Ji Substrate 



Enzyme 



Linker 

.HandleKn-fU Product 



Linkery 
HandleKTLTU Substrate 



Enzyme 



Linker 




Handl 



Scheme 5 

Structures of Substrate Conjugates 1 and 2, Product Conjugates 3 and 4, and Internal 
Standards 5 and 6 





o 

Hf>f>iH 
I I - ) f I I 





CH3O 

6 ^ 




n 



• =0 = CH2 

n = 1 

o ■ 

• =0 = CH2 

n = 0 

3 R-, = H 

• =0 = OH2 

n = 1 

4 Ri = H 

• =0 = CH2 

^•^2 n = 0 

5 Ri=H 

• =0 =CD2 
n = 1 

6 =H 

• = CH2 0 = CD2 

n = 0 
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(CH2)i2CH3 




(CH2)l2CH; 



Galactosyl- 
Cerebroside 



Scheme 8 



Glucose ^ * 



Glucose-6-P 



*- FructoseT6-P 



PMlb 



r 



Mannose 



ATP 



*- Mannose-6-P 



Dol-P-mannose 




PMM2 



GDP-mannose -* 



GTP 



Mannose- 1 -P 



ODP Dol-P 



Dol = Dolichol 
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B-S-Doi ,0-P C2D5 

X = HorD 



Scheme 10 
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O 

A 
HN . NH 





O 



NH 



O-^^M^PEG-S-B 



Me2C{OCH3)2 
BFjEtjO 




PEG-S-B 



Scheme 12 




BFj. Et20 



PEG-S-B 
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Scheme 12 (continued) 



OAC 




Scheme 13 



O 




NH2-Tiy-Gln-Ser-Asn-Ser-Thr-Met-NH2 
B-S-NH-Tiy-Gln-Ser-Asn-Ser-Thr-Met-NH2 
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Scheme 17 




15, X = OH ^ 

16, x = ci 

17, X = CN 

18, X = CH2NH2 
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Scheme 18 




NHAC 



19, X = NH2 20, X=NH 




23, X = 




24, x = 





D D 




CH 



H 



21, X = CN 

22, X = CH2NH2 




25, X = CN 



26, X = CK2NH2 
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Scheme 20 
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Scheme 22 




37, X= o — N 

o 



38, X = 

OH 
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II 
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We claim: 



dlS;i*pS -"/"-""-"V Chemically identical and 



A-L-PRG 



where A Is an affinity label that setecHuoii/ hinH. 

group in which one or more atoms t^n hp SSf °A?^F'i"? '^^^"^ '« = »"Ker 

stable isotopes and PRG S a rit '^""^ i' '^"^'^ ""^ " ™re 
protein ft,nlnal groupf ir llt^^^ certain 

Stle'S^b^sT'' """^"'"'^ °' the capture reagent 

reagent; and ^ ^99^'' ""iPonents and the capture 

spl^mejy'.'"' "'""^'"5 tagged components by mass 

I!^S;;*^^i^|~^^^^^ P-<eins in the samples are 

into affinity taVged pepM^s ' "^'"^ °' "^eir capture to convert them 



pwein f^m w?^ iTpep'tS oSd"''"™""'^ '° "'""'^ '"^ ^""''^ "^99^ 



P^^^^enc^dtS^d^--^^^^^^^ 
The method of claim 1 in which the amo,.r,f «f « 

also determined by mass spSromatrrH w 1"°'^ ^^^^P'^s is 

introducing into a samole f knol ^ ^""^ ^^"^^ comprises the step of • 

of the proteins to be qutntitated °' ^^"^^^'^^ ^^^^ 

The method of claim 1 wherein PRG is an enzyme substrate and the enzymatic 
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velocities of one or more enzymes in a sample are determined by quantitation of 
affinity tagged enzyme products and which further comprises the step of introducing 
into a sample a known amount of one or more intemal standards for each of the 
affinity tagged enzyme products of an enzyme, the velocity of which, is to be 
quantitated. 

The method of claim 1 wherein the released affinity tagged components are 
separated by chromatography prior to detecting and identifying the components by 
mass spectrometry. 

The method of claim 1 in which a plurality of proteins or protein functions in one 
sample are detected and identified. 

The method of claim 1 further comprising a step in which one or more of the proteins 
in a sample are chemically or enzymatically processed to expose a functional group 
that can react with an affinity tag. 

The method of claim 9 wherein the PRG is an enzyme substrate for one or more 
enzymes, the deficiencies of which, are linked to a disease state. 

The method of daim 9 wherein an affinity tagged, substantially chemically identical 
and differentially isotopically labeled enzyme substrate is provided for each enzyme 
that is to be detected and identified in a sample. 

The method of claim 1 wherein PRG is a protein reactive group that selectively reacts 
with certain protein functional groups and a plurality of proteins are detected and 
identified in a single sample. 

The method of claim 1 1 wherein two or more affinity tagged, substantially chemically 
identical and differentially isotopically labeled protein reactive reagents having 
different specificities for reaction with proteins are provided and reacted with each 
sample to be analyzed. 

The method of claim 1 3 wherein .all of the proteins in a sample are detected and 
identified. 

The method of claim 1 wherein the relative amounts of one or more proteins in two or 
more different samples are determined and which further comprises the steps of 
combining the differentially labeled samples, capturing affinity tagged components 
from the combined samples and measuring the relative abundances of the affinity 
tagged differentially labeled proteins or the affinity tagged differentially labeled 
peptides originating from that protein. 

The method of claim 1 5 which determines the relative amounts of membrane proteins 
in one or more different samples. 

The method of claim 15 in which different samples contain proteins originating from 
different organelles or different subcellular fractions. 
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18. 



physical sBmulii or at dSnSl 



A-L-PRG 



where A is an affinity label that selectively binds to a capture reaaeni I = ,• u 
group wNch can be differentially labelled with stable iStoresInd PRr f 
reacttve group that selectively reacts v^'th certain pSSl gnoups: " 

thereby differentially labeleS with stSle isoto^?; """P'^^' 
Sar^tr nVS, '^"iSlirp'e^^-r ~ ""-^'^ 

ilgri-^tu^-^aSSeSr 

s»s^^?„ru.etsrbet:::«^^ ^T^--^ 

capture reagent; and ^eiween tne affintty tagged peptides and the 



by ™L^^?n;f„;f^^/ "'^^-^ ^^^^^ — lly labeled pep^des 

Sm^lfatir^S^'^WetnSrab^^^^^^ Sene^ 
levels of the P'<yl^n frJnw^T^l^S^''^^^, to detenrtning relative expresston 
originated. . "^" ""^ ^"""V t^Sged differential labeled peptide 

A^^en, for mass spectrometric analysis of proteins which has me genetBl 

A-L-PRG 

Feacth^e group that sSe vlhJfS^^^^^ ^ P^te'" 

groups. selectively that selectively reacts with certain protein functional 
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21 . The reagent of claim 20 wherein PRG is a sulfhydr/l reactive group or an amine 
reactive group. 

22. The reagent of claim 20 wherein PRG is an enzyme substrate. 

23. The reagent of claim 20 wherein the A-L-PRG is soluble in a sample liquid to be 
analyzed. 

24. The reagent of claim 20 wherein the linker is a cleavable linker. 

25. The reagent of claim 20 which has the general formula: 

A-B1-X1-{CH2)n-[X2^CH2)m ]x-X3-{CH2)p .X4^2.PRG 

where: A is an affinity label; 

PRG is a protein reactive group; and 

B1-X1-(CH2)n-[X2.(CH2)m ]x.X3-(CH2)p .X4-B2 is a linker group wherein: 

X1 , X2, X3 and X4, independently of one another, and X2 independently of other X2 
can be selected from O. S, NH. NR, NRR*+. CO. COO. COS, S-S. SO. S02. CO-NR\' 
CS-NR\ Si-0. aryl or diaryl groups or X1 -X4 may be absent; 
81 and 82, independently of one another, are optional groups selected from COO 
CO, CO-NR\ CS.NR\ ( CH2 )q-CONR\ (CH2)q.CS-NR\ or (CH2)q; 

n, m, p, q and x are whole numbers that can take values from 0 to about 100. where 
the sum of n+xm+p+q is less than about 100; 

R is an alkyi, alkenyl, alkynyl. alkoxy or an aryl group that is optionally substituted with 
one or more alkyi, alkenyl, alkynyt, or alkoxy groups; and 

R' is a hydrogen, an alkyI, alkenyl, alkynyl, alkoxy or an aryl group that is optionally 
substituted with one or more alkyl, alkenyl, alkynyl. or alkoxy groups 

wherein one or more of the CH2 groups in the linker can be optionally substituted with 
alkyl. alkenyl. alkoxy groups, an aryl group that is optionally substituted with one or 
more alkyl. alkenyl, alkynyl, or alkoxy groups, an acidic group, a basic group or a 
group canrying a pemrianent positive or negative charge; wherein one or more single 
bonds linking non-adjacent CH2 groups in the linker can be replaced with a double or 
a triple bond and wherein one or more of the atoms in the linker can be substituted 
with a stable isotope, 

26. The reagent of claim 20 wherein the affinity label is biotin or a modified biotin. 

27. The reagent of claim 20 wherein the affinity label is selected from the group 
consisting of a 1 .2-diol, glutathione, maltose, a nitrilotriacetic acid group, or an 
oligohistidine. 
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28. The reagent of claim 20 wherein the affinity label is a hapten. 

29. The reagent of claim 20 wherein PRG is a sulfhydryl-reactive group 

^^^^^^^ 'i^:T!^t^t:!^zT^^^- - 

32. The reagent of claim 20 wherein PRG is selPrtPH fmm fho „ 
amine reactive pentafluorophenyl ester orour/n ^^^^^^ ^'T^ . 
succinimide ester group. sulfSaWe isS«nrtf ^ N-hydroxy 
tertafluorophenyl ester an add Liwl o 'sothiocyanante. active ester. 

reactive primary amine g^^^^^^^ r'^^"'"' ' 

2.3.5.6-tetrafluorophenyl tX^oac^taS ''''''' °^ 

33. The reagent of claim 20 wherein PRG is a substrate for an enzyme. 
ISSoltr.^ = ~ - ^-V™ ^««-cy Of 

37. The reagent of claim 20 wherein PRG is a substrate for 6-qalactosidasP 

^ KSSrt-t.X=-X^^^^^^ 

38. The reagent of claim 20 wherein at least one of B1 or 82 is CONR- or CS-NR. 
^RR'^^ril-^fn^afx-gt^^^^^^^ X4 are selected ..m NH. MR, and 

40. The reagent of claim 20 wherein the linker contains a disulfide group. 
• ^^"fXe. '° * be suhstituted with a 

^aotSlt' "' P™'-"^ by mass spectal analysis mat comprises a 



42. 



43. The reagent kit of claim 42 that comprises one or more reagents of daim 20. 

^- i^^!:7:^:::<'^-^>^!^'s^^^^^^^^ for 

-:t;S^J;l^:n'^a;th^^^^^^ a^s^f^suhstan^ychemlcany 
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46. The reagent kit of claim 42 wherein the reagent is an affinity tagged enzyme 
substrate reagent 

47. The reagent kit of claim 46 which comprises a set of substantially chemically 
identical differentially labeled affinity tagged enzyme substrates. 

48. The reagent kit of claim 47 further comprising a set of substantially chemically 
identical differentially. labeled affinity tagged enzyme products. 
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